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I n f o r m a t i o n  o h  t h e  s t r u c t u r e  o f  e l e r o d i n  was 
n o t  e x t e n s i v e ,  when c r y s t a l s  o f  a  b r o m o - y - l a c t o n e  
w ere  p r o v i d e d  b y  P r o f e s s o r  B a r t o n ,  The s t r u c t u r e  
a n a l y s i s  was h i n d e r e d  b y  t h e  p r o x i m i t y  o f  t h e  h e a v y  
a to m  t o  c e r t a i n  i m p o r t a n t  s t r u c t u r a l  f e a t u r e s ,  w h i c h ,  
a s  a c o n s e q u e n c e ,  p r o v e d  d i f f i c u l t  to  l o c a t e .  The 
p i c t u r e  o f  t h e  s t r u c t u r e ,  a s  shown b y  t h e  t h r e e -  
d i m e n s i o n a l  F o u r i e r  m a p s ,  was c l a r i f i e d  when i t  was 
r e c o g n i s e d  t h a t  t h e  a c c e p t e d  m o l e c u l a r  f o r m u l a  f o r  
e l e r o d i n  was  i n c o r r e c t .  The m a in  r e m a i n i n g  p r o b l e m  
was  t h e  e s t a b l i s h m e n t  o f  t h e  c o r r e c t  a b s o l u t e  s t e r e o ­
c h e m i s t r y .  The r e l a t i v e  c o n f i g u r a t i o n  o f  t h e  m o l e c u l e  
was  f o u n d ,  d e s p i t e  some d i f f i c u l t i e s  c o n c e r n i n g  t h e  
i d e n t i f i c a t i o n  o f  t h e  n a t u r e  o f  t h e  a to m s  i n  a  t h r e e -  
m em bered  r i n g ,  an d  b y  e m p l o y i n g  t h e  a n o m a lo u s  s c a t t e r i n g  
e f f e c t ,  t h e  t r u e  a b s o l u t e  c o n f i g u r a t i o n  o f  e l e r o d i n
iii.
b r o m o l a c t o n e , an d  h e n c e  o f  e l e r o d i n  i t s e l f ,  was 
e s t a b l i s h e d .  The c r y s t a l  a n d  m o l e c u l a r  d i m e n s i o n s  
c o n f o r m e d  t o  t h e  n o r m a l  p a t t e r n ,  a l t h o u g h  g r e a t  a c c u r a c y  
i n  t h e  l o c a t i o n  o f  a t o m i c  p o s i t i o n s  was n o t  a t t e m p t e d .
P r o f e s s o r  B a r t o n  p r o v i d e d  c r y s t a l s  o f  a  p - b r o m o -  
p h e n y l h y d r a z i n e  d e r i v a t i v e  o f  t h e  m o u ld  p r o d u c t  b y s s o -  
c h l a m i c  a c i d .  V e r y  l i t t l e  was known o f  t h e  s t r u c t u r e  
o f  t h i s  compound.  The m a j o r  p r o b l e m  i n  t h i s  s t r u c t u r e  
a n a l y s i s  p r o v e d  to  b e  t h e  d e t e r m i n a t i o n  o f  t h e  p o s i t i o n s  
o f  t h e  b r o m i n e  a to m s  i n  t h e  u n i t  c e l l  o f  t h e  c r y s t a l .
T h e re  w ere  two b r o m i n e  a to m s  i n  t h e  a s y m m e t r i c  u n i t ,  and  
t h e  d e r i v a t i v e  c r y s t a l l i s e d  i n  t h e  t e t r a g o n a l  s y s t e m ;  
t h e s e  two f a c t s  r e s u l t e d  i n  a v e r y  c o m p le x  P a t t e r s o n  
f u n c t i o n ,  w h ic h  r e q u i r e d  a  g r e a t  d e a l  o f  s t u d y  b e f o r e  
t h e  h e a v y  a tom  s i t e s  w ere  l o c a t e d .  T h e r e a f t e r ,  t h e  m a j o r  
p r o b l e m  was  o n e  o f  m i n i m i s i n g  t h e  v e r y  l a r g e  amount  o f  
c o m p u t e r  t i m e  r e q u i r e d  f o r  t h i s  c o m p le x  a n a l y s i s .  The 
s t r u c t u r e  a n d  r e l a t i v e  s t e r e o c h e m i s t r y  o f  b y s s o c h l a m i c  
a c i d  was e s t a b l i s h e d  a n d  i t  c a n  b e  s e e n  t o  o c c u p y  an  
i m p o r t a n t  p l a c e  i n  a s e r i e s  o f  compounds  s t u d i e d  b y  
P r o f e s s o r  B a r t o n .  Some s l i g h t l y  a n o m a lo u s  m o l e c u l a r  
d i m e n s i o n s  w ere  f o u n d  i n  t h i s  s t r u c t u r e ,  a l t h o u g h ,  o n c e  
a g a i n ,  t h e  l i m i t e d  a c c u r a c y  o f  t h e  a n a l y s i s  l i m i t s  t h e  
c o n c l u s i o n s  t h a t  c a n  be  d raw n .
U n l i k e  t h e  o t h e r  two com pounds ,  a s t r u c t u r e  h a d  b e e n  
p r o p o s e d  f o r  a t r o v e n e t i n ,  a l t h o u g h  l a t e r  work  h a d  c a s t  
some d o u b t  o n  i t s  c o m p l e t e  v a l i d i t y .  The s o l u t i o n  o f  
t h i s  s t r u c t u r e  b y  X - r a y  m e t h o d s  p r o v e d  c o m p a r a t i v e l y  
s i m p l e ,  a l t h o u g h  r e f i n e m e n t  was h i n d e r e d  b y  p s e u d o  
s y m m etry .  The s t r u c t u r e  f o u n d  d i f f e r e d  i n  t h e  m a n n e r  
o f  a t t a c h m e n t  o f  a f i v e - m e m b e r e d  r i n g  t o  t h a t  p u b l i s h e d .  
From a c r y s t a l l o g r a p h i c  v i e w - p o i n t ,  t h i s  s t r u c t u r e  i s  
i n t e r e s t i n g  o n  a c c o u n t  o f  t h e  v e r y  c l o s e  s i m i l a r i t y  o f  
two i n d e p e n d e n t  m o l e c u l e s  i n  t h e  c r y s t a l .  T hese  two 
m o l e c u l e s  h a v e  c r j r s t a l l i s e d  i n  a m a n n e r  w h ic h  b e a r s  a 
c l o s e  r e s e m b l a n c e  to  t h e  sy m m etry  o f  a h i g h e r  c r y s t a l  
c l a s s .  The m o l e c u l e s  a r e  p r e v e n t e d  f ro m  c r y s t a l l i s i n g  
i n  t h i s  h i g h e r  c l a s s  b e c a u s e  o f  t h e  p r e s e n c e  o f  an  
a s y m m e t r i c  c e n t r e .  D e s p i t e  i n a c c u r a c i e s  i n  t h e  a n a l y s i s ,  
some i n t e r e s t i n g  c o n c l u s i o n s  c a n  b e  d raw n  r e g a r d i n g  t h e  
m o l e c u l a r  d i m e n s i o n s .
T h r e e  a p p e n d i c e s  c o n t a i n  an  a c c o u n t  o f  some work done 
on  t h e  c r y s t a l  s t r u c t u r e s  o f  1 : 4 - c y c l o h e x a n e d i o n e , 
d i n i t r o g e n  t e t r o x i d e ,  a n d  s a l t s  o f  f u r a n  t e t r a c a r b o x y l i c  
a c i d .  A f o u r t h  a p p e n d i x  c o n t a i n s  some s t e r e o s c o p i c  
p h o t o g r a p h s  o f  t h r e e - d i m e n s i o n a l  F o u r i e r  s y n t h e s e s  
c o m p u te d  f o r  e l e r o d i n  b r o m o l a c t o n e  a n d  a t r o v e n e t i n  
t r i m e t h y l  e t h e r  f e r r i c h l o r i d e .
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I N T R O D U C T I O N .
D e v e lo p m e n t  a n d  A p p l i c a t i o n  o f  X - r a y  C r y s t a l l o g r a p h y
i n  C h e m ic a l  P r o b l e m s .
The r a p i d  a d v a n c e  i n  t h e  a p p l i c a t i o n  o f  X - r a y  
c r y s t a l l o g r a p h y  t o  e l u c i d a t i n g  t h e  s t r u c t u r e s  o f  n a t u r a l l y -  
o c c u r r i n g  o r g a n i c  compounds  i n  t h e  p a s t  d e c a d e  h a s  b e e n  o f  
t h e  u t m o s t  i m p o r t a n c e .  W i th  t h e  a d v e n t  o f  t h e  e l e c t r o n i c  
d i g i t a l  c o m p u t e r ,  i t  h a s  become s i m p l e r  f o r  t h e  o r g a n i c  
c h e m i s t ,  when c o n f r o n t e d  w i t h  an  unknown s t r u c t u r e  t h a t  
r e s i s t s  e l u c i d a t i o n ,  t o  p r e p a r e  a  s u i t a b l e  d e r i v a t i v e  an d  
to  t u r n  t h e  p r o b l e m  o v e r  t o  t h e  X - r a y  c r y s t a l l o g r a p h e r .  
U n f o r t u n a t e l y ,  i n  some c a s e s ,  t h e  s u i t a b i l i t y  o r  o t h e r w i s e  
o f  t h e  d e r i v a t i v e  i s  n o t  a p p a r e n t  f o r  s e v e r a l  m o n t h s .
The b a s i c  t e c h n i q u e s ,  w h i c h  w i l l  b e  o u t l i n e d  i n  t h e  
f o l l o w i n g  s e c t i o n s ,  h a v e  i n  m o s t  c a s e s  b e e n  u s e d  s u c c e s s f u l l y  
f o r  t w o - d i m e n s i o n a l  a n d  s m a l l e r  t h r e e - d i m e n s i o n a l  work  p r i o r  
t o  1 9 5 0 ,  b u t  o n l y  s i n c e  t h a t  t i m e  h a s  t h e  d e t e m i n a t i o n  o f  
c o m p l e t e l y  unknown s t r u c t u r e s  c o n t a i n i n g  t w e n t y  o r  m ore  
a to m s  a p a r t  f ro m  h y d r o g e n  b e e n  f e a s i b l e .  The p i o n e e r  
work o n  s t r y c h n i n e  d e r i v a t i v e s ,  p e n i c i l l i n  d e r i v a t i v e s ,  
a n d  v i t a m i n  B^g h a s  b e e n  f o l l o w e d  b y  a v e r y  r i c h  h a r v e s t  
o f  s u c c e s s f u l  s t r u c t u r e  d e t e r m i n a t i o n s ,  c u l m i n a t i n g  i n  t h e  
e l u c i d a t i o n  o f  t h e  s t r u c t u r e s  o f  t h e  p r o t e i n s ,  h a e m o g l o b i n  
a n d  m y o g l o b i n .
The p r e s e n t  work  i s  o f  a m ore  m o d e s t  c h a r a c t e r ,  
c o n s i s t i n g  i n  t h e  e l u c i d a t i o n  o f  t h e  s t r u c t u r e s  o f  n a t u r a l l y -  
o c c u r r i n g  o r g a n i c  com pounds  "by t h e  a p p l i c a t i o n  o f  t h e  
d i r e c t  h e a v y  a tom  m e t h o d .  I n  two c a s e s ,  t h e  i n f o r m a t i o n  
a b o u t  t h e  s t r u c t u r e  p r i o r  t o  t h e  X - r a y  work  was m e a g r e ,  
w h i l e  i n  t h e  c a s e  o f  c l e r o d i n  b r o m o l a c t o n e  e v e n  t h e  
a c c e p t e d  m o l e c u l a r  f o r m u l a  p r o v e d  i n c o r r e c t .
D e r i v a t i o n  o f  t h e  L a ue  a n d  B r a g g  E q u a t i o n s .
From a  g e o m e t r i c  s t a n d  p o i n t ,  c r y s t a l s  c o n s i s t  o f  a 
t h r e e - d i m e n s i o n a l  p e r i o d i c  r e p e t i t i o n  o f  a b a s i c  g e o m e t r i c  
u n i t ,  c a l l e d  a  u n i t  c e l l . A l t e r n a t i v e l y ,  c r y s t a l s  may b e  
c o n s i d e r e d  a s  b e i n g  made up  o f  a  l a r g e  number  o f  i d e n t i c a l  
a t o m i c  a r r a n g e m e n t s  r e p e a t i n g  r e g u l a r l y  i n  t h r e e - d i m e n s i o n s .  
I t  i s  c o n v e n i e n t  t o  r e p l a c e  e a c h  s u c h  g r o u p  o f  a to m s  b y  a
p o i n t ,  a n d  t h e  t h r e e - d i m e n s i o n a l  p a t t e r n  o f  s u c h  p o i n t s
f o r m s  t h e  s p a c e  l a t t i c e  o f  t h e  c r y s t a l .  I n  o r d e r  t o  p r o v i d e  
t h e  l a t t i c e  w i t h  t h e  m ean s  to  s c a t t e r  r a d i a t i o n ,  i t  i s  
a s su m e d  t h a t  an  e l e c t r o n  i s  s i t u a t e d  a t  e a c h  l a t t i c e  p o i n t .  
The p o s i t i o n s  o f  t h e s e  e l e c t r o n s  c a n  b e  s p e c i f i e d  b y  a s e t  
o f  v e c t o r s  r ,  s u c h  t h a t :
r  =. ma + nb + o c  , 
w h e re  a ,  b ,  a n d  c a r e  t h e  v e c t o r s  d e f i n i n g  t h e  u n i t  c e l l
o f  t h e  s p a c e  l a t t i c e ,  a n d  m, n ,  a n d  o a r e  i n t e g e r s .
3.
I n  ( i ) .  X a n d  Y a r e  two l a t t i c e  p o i n t s ,  an d  t h e  
d i r e c t i o n  o f  i n c i d e n t  r a d i a t i o n  i s  d e n o t e d  h y  t h e  v e c t o r  
s , o f  l e n g t h  V x  > w h ere  X i s  t h e  w a v e l e n g t h  o f  t h e
r a d i a t i o n .  The p a t h  
d i f f e r e n c e  b e t w e e n  t h e  
s c a t t e r e d  w aves  f ro m  t h e  two 
l a t t i c e  p o i n t s  i n  a d i r e c t i o n  
d e f i n e d  b y  t h e  v e c t o r  s ,  
e q u a l  i n  m a g n i t u d e  to  .§ 0  ’
(T) . .i s  g i v e n  b y :
YM. -  XN =s X ( r ._ s  -  r .  s Q) = X r .  S
w h e re  S =  s -  Sq .
The c o n d i t i o n  f o r  t h e  w aves  t o  b e  i n  p h a s e  i s  t h a t  
r . S  m u s t  b e  a n  i n t e g e r ,  i . e .  t h a t  (ma + nb + o c ) . S  m u s t  
b e  a n  i n t e g e r .  H e n c e ,  t h e  c o n d i t i o n s  t h a t
a .  S =: h
b . S  = k  
c - S  =
w h e re  h ,  k  a n d  £  a r e  i n t e g e r s ,  m u s t  h o l d  f o r  a  d i f f r a c t e d  
beam  o f  maximum i n t e n s i t y  t o  b e  p r o d u c e d .  T h e se  c o n d i t i o n s  
a r e  known a s  t h e  L a u e  E q u a t i o n s .
T h e se  e q u a t i o n s  may b e  w r i t t e n  i n  t h e  f o r m ,
a /h * - §  =; V k * 2  =  S / l ' S .  =  1
4 .
From t h i s ,  i t  i s  c l e a r  t h a t  S i s  p e r p e n d i c u l a r  t o  t h e  
p l a n e  d e f i n e d  h y  t h e  i n t e r c e p t s ,  —/ h ,  —/ h ,  —/£> i . e .  t h e  
p l a n e  w i t h  M i l l e r  i n d i c e s  h  k  j £ ( l l ) .  S i n c e , h y
( I I )  ( I I I )
d e f i n i t i o n ,  t h e  v e c t o r  S b i s e c t s  t h e  i n c i d e n t  a n d  d i f f r a c t e d  
b e a m s ,  a n d  i s  p e r p e n d i c u l a r  t o  t h e  l a t t i c e  p l a n e  h k l  , a 
c l o s e  a n a l o g y  w i t h  r e f l e x i o n  c a n  b e  d ra w n .  The s p a c i n g  
d ( h k £ )  o f  t h e  p l a n e s  i s  t h e  p e r p e n d i c u l a r  d i s t a n c e  f ro m  
t h e  p l a n e  h k £  t o  t h e  o r i g i n  ( I T )  a n d  i s  e q u a l  t o  t h e  
p r o j e c t i o n  o f  —/h >  ~ /k >  anci —/ £  o n  ‘t *ie v e c t o r  S.
i . e .  d ( h k £ )  = ~
|S|
B u t ,  f ro m  t h e  L a u e  e q u a t i o n s ,  S =•■ 1 a n d
IS I = 2  s i n  0 /  \  ( I I I ) ,  
w h e re  Q  i s  t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  r a d i a t i o n  on  
t h e  l a t t i c e  p l a n e  h k £ .  H e n c e ,
2  d  s i n  0  = X
T h i s  i s  known a s  B r a g g 1s Law a n d  i n d i c a t e s  t h a t  a  
1 r e f l e x i o n 1 f r o m  a l a t t i c e  p l a n e  c a n  o n l y  t a k e  p l a c e  when 
t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  X - r a y  beam  s a t i s f i e d  t h e  
c o n d i t i o n  g i v e n  b y  t h e  e q u a t i o n .
The S t r u c t u r e  F a c t o r  E x p r e s s i o n .
A c r y s t a l  w i t h  N a to m s  i n  t h e  u n i t  c e l l  c a n  b e  i m a g i n e d  
to  c o n s i s t  o f  N i n t e r p e n e t r a t i n g  l a t t i c e s ,  w i t h  a l l  l a t t i c e  
p o i n t s  o c c u p i e d  b y  a t o m s .  I n d i v i d u a l l y ,  e a c h  o f  t h e s e  
l a t t i c e s  w i l l  o b e y  t h e  L a u e  a n d  B ra g g  c o n d i t i o n s ,  b u t ,  i n  
g e n e r a l ,  t h e  N l a t t i c e s  w i l l  b e  o u t  o f  p h a s e ,  so t h e  
i n t e n s i t i e s  o f  t h e  v a r i o u s  p l a n e s  w i l l  d e p e n d  o n  t h e  a t o m i c  
a r r a n g e m e n t  w i t h i n  t h e  u n i t  c e l l .
The p o s i t i o n  o f  t h e  a to m ,  s i t u a t e d  a t  t h e  p o i n t  
(x.*, y . ,  z . )  w h e re  x ^ , y ^ , a n d  z .  a r e  f r a c t i o n s  o f  t h e
« j  D J J j
u n i t  c e l l  v e c t o r s ,  c a n  b e  r e p r e s e n t e d  b y  r . , w here
—J
r.- =: x ^ a  + y^b  + z^c
The p a t h  d i f f e r e n c e  b e t w e e n  t h e  w aves  s c a t t e r e d  b y  t h e
a tom  a n d  a n  a tom  a t  t h e  o r i g i n  o f  t h e  u n i t  c e l l  c a n  b e
shown t o  b e  ^  r . . S  a n d  t h e  c o r r e s p o n d i n g  p h a s e  d i f f e r e n c e
D
i s  2 n r , . S .  C o m b in in g  t h e s e  p h a s e  d i f f e r e n c e s  f o r  a l l  
3
a to m s  i n  t h e  u n i t  c e l l ,  t h e  e x p r e s s i o n  f o r  t h e  c o m p l e t e  
wave s c a t t e r e d  i n  t h e  c r y s t a l  w o u ld  b e
NP ( h k £ )  ■ £  f  j  exp. 2  n  i ( h x j j  + ky-j + J^ z - j )
3=1
I n  t h i s  e x p r e s s i o n ,  -f  ^ r e p r e s e n t s  t h e  s c a t t e r i n g  f a c t o r
o f  t h e  a to m ,  w h ic h  t a k e s  a c c o u n t  o f  p h a s e  d i f f e r e n c e s  i n  
s c a t t e r i n g  due to  t h e  e l e c t r o n s  w i t h i n  on e  a tom .  The 
q u a n t i t y  P ( h k £ )  i s  known a s  t h e  s t r u c t u r e  f a c t o r  a n d  i t  
i s  a c o m p le x  q u a n t i t y  w h ic h  c a n  h e  r e p r e s e n t e d  h y  a m o d u lu s
, known a s  t h e  s t r u c t u r e  a m p l i t u d e  a n d  a p h a s e , 
<K(hkJj). The s t r u c t u r e  a m p l i t u d e  c a n  h e  o b t a i n e d  f rom  
t h e  m e a s u r e d  i n t e n s i t i e s ,  h u t  t h e  p h a s e  i s  n o t  an  o b s e r v a b l e  
q u a n t i t y .
I t  i s  o f t e n  c o n v e n i e n t  to  s e p a r a t e  t h e  r e a l  a n d  
i m a g i n a r y  p a r t s  o f  F ( h k ^ ) ,  so t h a t  P (hkj t )  = A (h k £ )  + 
i  B ( h k £ ) ,  a n d  <K(hk£) = t a n ™1  B(hk^) .   ^ w h e re :
A ( h k ^ )
A (h k £ )  =. ^
a n d
B (h k £ )  =. s i n  2 H ( h X j  + ky^ +
3=1
I n s t e a d  o f  i n t r o d u c i n g  p o i n t  a t o m s ,  t h e  s t r u c t u r e  
f a c t o r  may h e  e x p r e s s e d  i n  t e r m s  o f  t h e  e l e c t r o n  d e n s i t y  
a t  a  p o i n t ,  ( x ,  y ,  z ) ;  t h u s
* « > .  r i1 r
x = 0  y= 0  z= 0
F o u r i e r  S e r i e s .
As a  c r y s t a l  i s  p e r i o d i c  i n  t h r e e - d i m e n s i o n s ,  t h e
e l e c t r o n  d e n s i t y  o f  t h e  c r y s t a l  c a n  h e  r e p r e s e n t e d  h y  a
F o u r i e r  s e r i e s .  I n  i t s  m o s t  g e n e r a l  f o r m ,  a  F o u r i e r  s e r i e s
r e p r e s e n t s  a  f u n c t i o n  T( (p ) a s  t h e  sum o f  an  i n f i n i t e  number
o f  w e i g h t e d  e x p o n e n t i a l s  o f  p o s i t i v e  a n d  n e g a t i v e  v a l u e s  o f
a  p h a s e  a n g l e  CJ} , i . e .
©o
T « f )  -  £  Cn  e x p  ( i  n  <P>
n= -  oo
o r ,  a l t e r n a t i v e l y ,
o o
T ( ( f »  -  £  Cn exp  ( — i n  <?>
n  = - o o
The l a t t e r  fo rm  i s  f o u n d  t o  h e  t h e  m ore  u s e f u l  i n
c r y s t a l  s t r u c t u r e  a n a l y s i s .  The t h e o r y  c a n  h e  e x t e n d e d
to  r e p r e s e n t  a f u n c t i o n  o f  s e v e r a l  v a r i a b l e s ,  e . g .  t h e  
e l e c t r o n  d e n s i t y  a s  a  f u n c t i o n  o f  t h r e e  c o - o r d i n a t e s .
V p ( x , y , s ) e x p  2ni(hx+ k y  + j£z)(3x dy dz
8.
As e v e r y  p o i n t  i n  s p a c e  h a s  t o  h e  c o v e r e d ,  t h e r e  s h o u l d  
h e  a t r i p l y  i n f i n i t e  number  o f  F o u r i e r  c o e f f i c i e n t s  (Cn ) .  
The p e r i o d i c i t y  o f  t h e  l a t t i c e  l i m i t s  t h e  num ber  o f  t e r m s  
t o  t h o s e  whose d i r e c t i o n  a n d  w a v e l e n g t h  c o r r e s p o n d  to  a 
p a r t i c u l a r  c r y s t a l  p l a n e .  A F o u r i e r  s e r i e s  r e p r e s e n t i n g  
t h e  e l e c t r o n  d e n s i t y  a s  a f u n c t i o n  o f  x ,  y ,  a n d  z ,  t h e  
f r a c t i o n s  o f  t h e  t h r e e  c o - o r d i n a t e  a x e s  o f  t h e  u n i t  c e l l ,  
h a s  a  t e r m  f o r  e v e r y  c r y s t a l  p l a n e  h k £ .
/ K M  (XV) shows a  r e p r e s e n t a t i o n  o f
. & F o u r i e r  wave hkj£ o f  w a v e l e n g t h
J  d ( h k f i ) .  The p h a s e  ( (p  ) o f  t h i s
/  wave a t  t h e  p o i n t  P ( x , y , z ) ,
w here  P i s  d e f i n e d  b y  t h e  
v e c t o r  r ,
The e l e c t r o n  d e n s i t y  i n  a  c r y s t a l  c a n  t h e r e f o r e  b e
r e p r e s e n t e d  b y  a  t r i p l e  F o u r i e r  s e r i e s  o f  t h e  t y p e ,
cO
(XV)
w h ere  r  = xh + yb + zc
i s  g i v e n  b y  ^  -  r . s .
Cf = S n  ( lax  + k y  + n  z )
H e n c e ,
-GO
h  fc (
9.
The s t r u c t u r e  f a c t o r  FCh’ k ' i . 1 ) o f  a  s e t  o f  r e f l e x i o n s  
( h ' k ’Jt1 ) i s  g i v e n  "by:
FCh’ k 1^ )  =: rrr V ^ ( x y z )  ex p  2 (1  ^ h ’ x +  k* y  + ! z:)dx dy dz
o o o
S u b s t i t u t i n g  f o r  £) ( x y z ) ,
PCh’ k 1^  ) = I f f  ^  exp  2 ( l i j ( h ! - h ) x  + ( k f - k ) y  +
0  0  0  k  0 0 ^  ( f i ! - t ) z j v  dx  dy dz
The i n t e g r a l  o f  a sum o f  t e r m s  i s  t h e  sum o f  t h e  i n d i v i d u a l  
i n t e g r a l s ,  t h e r e f o r e
+ <*> A  rl A
P(hfk1 1) = £ £ £  Cn exp sniJCh1- h)x-+(k*-k)y  +
h k £ 0 0 0  (Q., -Q)z:l V dx dy dz
-  o£> ' J
E a c h  o f  t h e s e  i n d i v i d u a l  i n t e g r a l s  v a n i s h e s ,  u n l e s s  h f = h ,
k* =s k  a n d  when
F ( h k £ )  = V Cn (hk-C)
The e x p r e s s i o n  f o r  t h e  e l e c t r o n  d e n s i t y  o f  t h e  c r y s t a l
^  ( x y z )  t a k e s  t h e  fo rm :
-h 0 0
( x y z )  »  F ( h k £ ) e x p j  ~ 2 f l i ( h x  + k y  + jRz)
V h  Tz £
-  c>0
¥  00
The P h a s e  P ro b le m  a n d  th e  H eavy  Atom M eth o d .
As d e m o n s t r a t e d  i n  t h e  l a s t  s e c t i o n ,  t h e  e l e c t r o n  
d e n s i t y  i n  a  c r y s t a l  c a n  he  e v a l u a t e d  h y  F o u r i e r  m e th o d s  
p r o v i d e d  t h e  s t r u c t u r e  f a c t o r s  a r e  known.  U n f o r t u n a t e l y ,  
o n l y  t h e  s t r u c t u r e  a m p l i t u d e s  c a n  h e  d e t e r m i n e d  h y  
m e a s u r e m e n t ,  l e a v i n g  t h e  r e l a t i v e  p h a s e s  unknown.  The 
d e t e r m i n a t i o n  o f  t h e s e  p h a s e s  c o n s t i t u t e s  t h e  h a s i c  p r o b l e m  
o f  X - r a y  s t r u c t u r e  a n a l y s i s ,  a n d  f o r  a s p e c i f i c  c r y s t a l  
s t r u c t u r e ,  no g e n e r a l  m e t h o d  f o r  f i n d i n g  t h e  p h a s e s  e x i s t s .
When d e a l i n g  w i t h  t h e  s t r u c t u r e s  o f  l a r g e  o r g a n i c
m o l e c u l e s  c o n t a i n i n g  f ro m  t w e n t y  t o  s i x t y  a to m s  o t h e r  t h a n
h y d r o g e n ,  t h e  ’ h e a v y  a t o m ’ m e t h o d  h a s  b e e n  f o u n d  t o  h e  a
p o w e r f u l  a p p r o a c h  t o  t h e  p r o b l e m  ( R o b e r t s o n  a n d  Woodward,
1 9 4 0 ) .  I f  i t  i s  p o s s i b l e  t o  p r e p a r e  a d e r i v a t i v e  c o n t a i n i n g
o n e  o r  two a to m s  w i t h  an  a t o m i c  number  much g r e a t e r  t h a n
t h a t  o f  t h e  r e m a i n d e r  o f  t h e  a t o m s ,  a n d  to  l o c a t e  t h e
p o s i t i o n  o f  t h i s  a tom  w i t h i n  t h e  u n i t  c e l l  ( x A , yA , zA) ,
t h e n  t h e  s t r u c t u r e  c a n  o f t e n  b e  s o l v e d .  The h e a v y  a tom
c o n t r i b u t i o n  t o  t h e  r e l a t i v e  p h a s e s  d o m i n a t e s  t h e
c o n t r i b u t i o n  o f  t h e  o t h e r  a to m s  an d  t h e  p h a s e  o£A( h k { ) ,
due to  t h e  h e a v y  a tom  a l o n e ,  f o u n d  f ro m  t h e  e q u a t i o n :
s i n  2 n ( h x A + k y A + i  z„ )
« . ( ! * « )  = ta n - l  B/. =tan- l I  A yA A
. cos  2 n(h x A + kyA + £  zA) 
i s  a  c l o s e  a p p r o x i m a t i o n  t o  t h e  t r u e  p h a s e  oC(hk&).
1 1 .
C o n s e q u e n t l y ,  a  F o u r i e r  s e r i e s  c a n  be  e v a l u a t e d  w i t h  t h e  
m e a s u r e d  s t r u c t u r e  a m p l i t u d e s  a n d  t h e  p h a s e s  ° C ( h k £ ) , w i t h
n
a g ood  c h a n c e  t h a t  i t  w i l l  p r o v i d e  a  r e a s o n a b l e  an d  
r e c o g n i s a b l e  a p p r o x i m a t i o n  t o  t h e  a c t u a l  e l e c t r o n  d e n s i t y .
I f  g e n u i n e  f r a g m e n t s  o f  t h e  s t r u c t u r e  c a n  be  i d e n t i f i e d  
f ro m  t h i s  e l e c t r o n  d e n s i t y  m ap ,  t h e s e  a to m s  may a l s o  b e  
e m p lo y e d  i n  a  p h a s i n g  c a l c u l a t i o n  an d  a c l o s e r  a p p r o x i m a t i o n  
t o  t h e  t r u e  p h a s e s  s h o u l d  b e  o b t a i n e d .
The e f f e c t i v e n e s s  o f  a h e a v y  a tom  i n  d e t e r m i n i n g  t h e  
p h a s e s  i n  a p a r t i c u l a r  s t r u c t u r e  c a n  be  r o u g h l y  i n d i c a t e d  
b y  t h e  r a t i o  o f  t h e  s q u a r e  o f  t h e  a t o m i c  number  o f  t h e  
h e a v y  a tom  t o  t h e  sum o f  t h e  s q u a r e s  o f  t h e  a t o m i c  n u m b ers  
o f  t h e  l i g h t  a t o m s .  T h i s  r a t i o  s h o u l d  b e  a b o u t  u n i t y  f o r  
maximum e f f e c t i v e n e s s  ( L i p s o n  a n d  C o c h r a n ,  1 9 5 3 ) .  S i m ( l 9 5 7 )
h a s  done  f u r t h e r  c a l c u l a t i o n s  on  t h e  number  o f  p h a s e s  t h a t  
s h o u l d  b e  d e t e r m i n e d  w i t h i n  a c c e p t a b l e  l i m i t s  f o r  v a r i o u s  
r a t i o s  o f  s c a t t e r i n g  f a c t o r s  o f  h e a v y  a n d  l i g h t  a to m s .
I t  i s  u n d e s i r a b l e  f o r  t h e  a tom  to  b e  so h e a v y  t h a t  t h e  
s q u a r e  o f  t h e  a t o m i c  num ber  i s  v e r y  much g r e a t e r  t h a n  t h e  
sum o f  t h e  s q u a r e s  o f  t h e  a t o m i c  n u m b ers  o f  t h e  o t h e r  a to m s .  
T h i s  c o u l d  l e a d  t o  u n d e s i r a b l e  e f f e c t s ,  s u c h  a s  d i f f r a c t i o n  
’ r i p p l e s 1 , w h ic h  m i g h t  o b l i t e r a t e  g e n u i n e  d e t a i l  o r  c a u s e  
i t  t o  b e  d i s p l a c e d  f ro m  i t s  t r u e  p o s i t i o n ,  o r  c o u l d  c a u s e  
e r r o r s  i n  t h e  m e a s u r e d  s t r u c t u r e  a m p l i t u d e s  due t o  h i g h  
a b s o r p t i o n  o f  t h e  X - r a y s .
1 2 .
V e c t o r  M e t h o d s .
I n  t h e  p r e c e d i n g  s e c t i o n ,  i t  was  shown t h a t  i n  c e r t a i n  
c i r c u m s t a n c e s ,  t h e  p h a s e  p r o b l e m  c o u l d  h e  o v e rco m e  p r o v i d e d  
t h e  p o s i t i o n  o f  a h e a v y  a tom  c o u l d  h e  f o u n d  w i t h i n  t h e  u n i t  
c e l l .  P a t t e r s o n  ( 1 9 3 4 )  d e f i n e d  a  q u a n t i t y :
P (uvw )  = m  e ( x y z ) ^  ( x + u , y + v , z+w) d x  dy dz
I n  t h i s  e x p r e s s i o n ,  ^  ( x + u ,  y + v ,  z+w) i s  t h e  d i s t r i b u t i o n  
o f  s c a t t e r i n g  m a t e r i a l  a b o u t  ( x y z )  a s  a f u n c t i o n  o f  u ,  v ,  
a n d  w a n d  i t  r e p r e s e n t s  a d i s t r i b u t i o n  s i m i l a r  t o  ( x y z )  
b u t  d i s p l a c e d  f ro m  ( x y z )  b y  t h e  p a r a m e t e r s  u ,  v  a n d  w.
The f u n c t i o n  P (uvw )  w i l l  h a v e  a l a r g e  v a l u e  when b o t h  
p  ( x , y , z )  a n d  ^  ( x + u ,  y + v ,  z+w) a r e  l a r g e ,  i . e .  when a to m s  
a r e  s i t u a t e d  a t  ( x ,  y ,  z )  a n d  ( x + u ,  y + v ,  z+w).  The f u n c t i o n  
g i v e s  a  r e p r e s e n t a t i o n  o f  a l l  t h e  i n t e r a t o m i c  v e c t o r s  i n  
t h e  u n i t  c e l l .  The h e a v i e r  t h e  a to m s  a t  t h e  p o i n t s  
( x ,  y ,  z)  a n d  ( x + u ,  y + v ,  z+w ),  t h e  g r e a t e r  w i l l  b e  t h e  
v a l u e  o f  P ( u ,  V, w).
The g r e a t  i m p o r t a n c e  o f  t h e  P a t t e r s o n  f u n c t i o n  b ec o m es  
a p p a r e n t  when t h e  P o u r i e r  e x p r e s s i o n s  f o r  t h e  e l e c t r o n  
d e n s i t y  a r e  s u b s t i t u t e d  i n  t h e  ab o v e  e q u a t i o n .
+ oO
P ( u , v , w
m
l
P( h k £ )  ex p  J " -  2 (1  i(  hx+ k  y+ J(!
— eO
k f v  + W ) J  d x  dy  dz
T h i s  e x p r e s s i o n  v a n i s h e s  u n l e s s ,  h  = - h i  , k  = - k ! a n d  
J2 = - £ f , when
I t  c a n  b e  s e e n  t h a t  t h e  P a t t e r s o n  s y n t h e s i s  may b e  
e v a l u a t e d  f ro m  a  k n o w le d g e  o f  t h e  s t r u c t u r e  a m p l i t u d e s  
a l o n e .  The p o s i t i o n  o f  a  h e a v y  a tom  i n  t h e  u n i t  c e l l  
c a n  o f t e n  b e  f o u n d  b y  t h i s  m e t h o d  a n d  t h i s  p r o v i d e s  t h e  
s t a r t i n g  p o i n t  i n  t h e  s o l u t i o n  o f  t h e  p h a s e  p r o b l e m .
H a r k e r  ( 1 9 5 6 )  h a s  shown t h a t ,  o w in g  t o  t h e  sym m etry  
o f  t h e  c r y s t a l ,  s p e c i a l  c o n c e n t r a t i o n s  o f  v e c t o r s  a r e  
f o u n d  i n  c e r t a i n  p l a n e s  a n d  l i n e s  o f  t h e  P a t t e r s o n  
f u n c t i o n .  E b r  e x a m p l e ,  i n  t h e  s p a c e  g r o u p  P 2 ^ ,
a  p l a n a r  c o n c e n t r a t i o n  o f  v e c t o r s  i s  f o u n d  on  t h e  
s e c t i o n  P ( u ,  w) .
P ( u , v , w )  = V v2 £ 1 1  P(hkft )  F ( h k © e x p  £ - 2  f l i ( h ’ u  + k* v
a n d ,  a s  P ( h k f )  a n d  p (h k f i )  a r e  co m p lex  c o n j u g a t e s ,
aO oO oO
P (u v w )  = V y 2 H l l k O l  S c o s  2 n ( h u  + k v  + J?w)
O —cO “ OC
The R e l a t i o n  b e t w e e n  t h e  I n t e n s i t y  an d  
S t r u c t u r e  A m p l i t u d e .
I f  E i s  t h e  t o t a l  e n e r g y  r e f l e c t e d  h y  t h e  volume dY 
i n  t h e  c o u r s e  o f  a  s i n g l e  p a s s a g e  o f  t h e  c r y s t a l  t h r o u g h  
t h e  r e g i o n  o f  a  B ra g g  r e f l e x i o n ,  i t  c a n  h e  shown 
( e . g .  B u e r g e r ,  I 9 6 0 )  t h a t :
w h e r e ,
I 0  = t h e  i n t e n s i t y  o f  t h e  r a d i a t i o n  s t r i k i n g  t h e  c r y s t a l  
^  = t h e  w a v e l e n g t h  o f  t h e  r a d i a t i o n  
N = t h e  num ber  o f  u n i t  c e l l s / u n i t  vo lum e 
dV = t h e  vo lum e o f  t h e  c r y s t a l  
CO = r a t e  o f  r o t a t i o n  o f  t h e  c r y s t a l  
e = t h e  e l e c t r o n i c  c h a r g e  
m =. t h e  m a s s  o f  t h e  e l e c t r o n  
c = t h e  v e l o c i t y  o f  l i g h t  
©  = t h e  B r a g g  a n g l e
| F |  = t h e  s t r u c t u r e  a m p l i t u d e  
L = t h e  L o r e n t z  f a c t o r .
T h i s  f o r m u l a  i s  h a s e d  o n  t h e  a s s u m p t i o n  o f  a v e r y  
s m a l l  c r y s t a l ,  much s m a l l e r  i n  f a c t  t h a n  t h e  s i z e  n o r m a l l y  
u s e d .  T h a t  t h e  f o r m u l a  i s  a p p l i c a b l e  t o  t h e  n o rm a l  s i z e  
o f  c r y s t a l s  i s  due to  i m p e r f e c t i o n s  t h a t  r e s u l t  i n  t h e  
c r y s t a l  b e i n g  made up  o f  a  m o s a i c  o f  v e r y  s m a l l  b l o c k s .
(
fl  + c o s ^  2 0
E
1 5 .
The f a c t o r  ( 0 / m s c ^ )  i n t r o d u c e d  a s  i t  o c c u r s  i n  t h e  -
e x p r e s s i o n  f o r  s c a t t e r i n g  due to  a  s i n g l e  e l e c t r o n .  The
a n d  a c c o u n t s  f o r  t h e  i n c i d e n t  X - r a y  beam b e i n g  u n p o l a r i s e d  
w i t h  r e s p e c t  t o  t h e  p l a n e  o f  ' r e f l e x i o n ' .  I t  i s  i n d e p e n d e n t  
o f  t h e  g e o m e t r i c  a r r a n g e m e n t  f o r  r e c o r d i n g  i n t e n s i t i e s .
when t h e  r o t a t i o n  o f  t h e  c r y s t a l  i s  a b o u t  an  a x i s  p e r p e n ­
d i c u l a r  t o  t h e  X - r a y  b ea m ,  b u t  o t h e r  c o r r e c t i o n s  may h a v e
to  b e  a p p l i e d  i f  a  m ore  co m p le x  m o t i o n  o f  t h e  c r y s t a l  
r e l a t i v e  t o  t h e  X - r a y  beam i s  e m p lo y e d .
I n  a d d i t i o n  to  t h e s e  c o r r e c t i o n s ,  t h e  e f f e c t s  o f  p r i m a r y  
a n d  s e c o n d a r y  e x t i n c t i o n  a n d  a b s o r p t i o n  may b e  i m p o r t a n t .  
P r i m a r y  e x t i n c t i o n  i s  c a u s e d  b y  f r e f l e x i o n ’ o f  t h e  i n c i d e n t  
X - r a y  beam  f ro m  t h e  s u r f a c e  l a y e r s  o f  t h e  c r y s t a l s ,  w h i l e  
s e c o n d a r y  e x t i n c t i o n  i s  due t o  t h e  1 s c r e e n i n g ’ o f  t h e  l o w e r  
b l o c k s  o f  t h e  m o s a i c  s t r u c t u r e  b y  t h e  o u t e r  b l o c k s  f ro m  
t h e  i n c i d e n t  b eam .
R e f i n e m e n t :
( a )  By I b u r i e r  M e t h o d s .
When a  s t r u c t u r e  h a s  b e e n  s o l v e d ,  a  p r o c e s s  o f  
r e f i n e m e n t  h a s  s t i l l  t o  b e  f o l l o w e d  to  o b t a i n  good  a g r e e m e n t  
b e t w e e n  o b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s ,  a n d  to  
a p p r o x i m a t e  t h e  c a l c u l a t e d  p h a s e s  t o  t h e  t r u e  p h a s e s .
t e r m known a s  t h e  p o l a r i s a t i o n  f a c t o r
The f a c t o r  L ,  known a s  t h e  L o r e n t z  f a c t o r ,  e q u a l s  ^/s±n 2 ©
T h i s  c a n  h e  done  i n i t i a l l y  u s i n g  F0 b s .  E b u r i e r
s y n t h e s e s ,  a n d  t h e  new a t o m i c  p o s i t i o n s  o b t a i n e d  f ro m
t h e s e  s y n t h e s e s  c a n  t h e n  h e  u s e d  i n  a f u r t h e r  r o u n d  o f
s t r u c t u r e  f a c t o r  c a l c u l a t i o n s .  T h i s  m e t h o d ,  h o w e v e r ,
c o u l d  o n l y  g i v e  t h e  s t r u c t u r e  w i t h  g r e a t  a c c u r a c y  u n d e r
c e r t a i n  c o n d i t i o n s .  A R m r i e r  s e r i e s  c a n  o n l y  l e g i t i m a t e l y
h e  a p p l i e d  t o  a  c r y s t a l  s t r u c t u r e  a n a l y s i s  when an  i n f i n i t e
number  o f  t e r m s  a r e  a v a i l a b l e ;  h e n c e ,  u s i n g  X - r a y s  o f
o
w a v e l e n g t h  a b o u t  1 , 5  A p l a c e s  a  s e v e r e  l i m i t a t i o n  on  t h e  
am ount  o f  d a t a  t h a t  c a n  b e  c o l l e c t e d .  I t  i s  q u i t e  
r e a s o n a b l e  t o  e x p e c t  t h a t  f o r  a n y  p o s t u l a t e d  s t r u c t u r e ,  
t h e r e  w i l l  b e  s t r u c t u r e  f a c t o r s  o u t w i t h  t h e  r e c o r d i n g  
l i m i t  o f  t h e  r a d i a t i o n  h a v i n g  q u i t e  l a r g e  a m p l i t u d e s .
The o m i s s i o n  o f  s u c h  t e r n s  f ro m  t h e  o b s e r v e d  d a t a  c a u s e s  
t e r m i n a t i o n  o f  s e r i e s  e f f e c t s .
T h ese  e f f e c t s  a r e  shown a s  d i f f r a c t i o n  r i p p l e s  n e a r  
t h e  a to m s  i n  t h e  s t r u c t u r e ,  a n d  a r e  i n  e f f e c t  a  s e r i e s  o f  
t r o u g h s  a n d  w aves  e m a n a t i n g  f ro m  t h e  p o s i t i o n s  o f  t h e  
a t o m i c  c e n t r e s .  T h e se  d i s t u r b a n c e s  w i l l  i n f l u e n c e  t h e  
p o s i t i o n  o f  t h e  n e i g h b o u r i n g  a to m s  a n d  c a u s e  s h i f t s  f rom  
t h e  t r u e  p o s i t i o n s .  A l l o w a n c e  f o r  t h i s  e f f e c t  c a n  b e  
made b y  a  m e t h o d  due  t o  B o o th  ( 1 9 4 6 ) .
The f i n a l  F0 -bS> s y n t h e s i s ,  c a l c u l a t e d  f ro m  a m odel  
c o n t a i n i n g  a l l  t h e  a to m s  i n  t h e  s t r u c t u r e ,  i s  known to  
h a v e  t h e  p e a k s  d i s p l a c e d  b y  unknown am o u n ts  due to  
t e r m i n a t i o n  o f  s e r i e s  e f f e c t s .  A n o t h e r  F o u r i e r  s e r i e s ,  
w i t h  t h e  same p h a s e s ,  b u t  w i t h  F Ca l c .  a s  c o e f f i c i e n t s  c a n  
b e  c o m p u te d .  I f  t h e r e  w ere  no e r r o r s  due to  t e r m i n a t i o n  
o f  s e r i e s  e f f e c t s ,  t h e  p o s i t i o n  o f  t h e  p e a k s  i n  t h e  Fc a l c  ^
map s h o u l d  b e  i d e n t i c a l  w i t h  t h e  s i t e s  p r o p o s e d  i n  t h e  
m o d e l .  H e n c e ,  t h e  d e v i a t i o n s  o f  t h e  p e a k s  f ro m  t h o s e  
s i t e s  ( Q x ,  A y ,  Q  z)  r e p r e s e n t  t h e  c o r r e c t i o n ,  w i t h  
c h a n g e  o f  s i g n ,  t o  b e  a iD p l ied  to  t h e  p o s i t i o n s  o f  t h e  
p e a k s  i n  t h e  F o b s .  maP* T h i s  c o r r e c t i o n  i s  known a s  t h e
’b a c k - s h i f t ’ c o r r e c t i o n .  I t  i s  b a s e d  on  t h e  a s s u m p t i o n
t h a t  no e r r o r s  e x i s t  i n  t h e  p o s t u l a t e d  s t r u c t u r e ,  e x c e p t  
t h o s e  due to  t e r m i n a t i o n  o f  s e r i e s  e f f e c t s ,  a n d  h e n c e  
s h o u l d  n o t  b e  a p p l i e d  u n t i l  t h e  r e f i n e m e n t  w i t h  F0  
s y n t h e s e s  h a s  r e a c h e d  i t s  l i m i t  o f  e f f e c t i v e n e s s .
( b )  By L e a s t  S q u a r e s  P r o c e d u r e s .
The q u a n t i t y  ^ w Q 8 , w here  Q = | p 0 ( t i k t ) | - | p 0 ( h k t ) | ,  
c a n  b e  m i n i m i s e d  w i t h  r e s p e c t  t o  t h e  s t r u c t u r e  p a r a m e t e r s  
u s e d  i n  c a l c u l a t i n g  Fc . The su m m a t io n s  a r e  o v e r  a  s e t  
o f  i n d e p e n d e n t l y  o b s e r v e d  p l a n e s ,  w h ic h  a r e  a l l o t t e d  
w e i g h t s  a c c o r d i n g  to  t h e  e s t i m a t e d  a c c u r a c y  o f  t h e  
o b s e r v a t i o n s .
I f  u -1 , u Q, . . .  u . ,  . . .  u  a r e  t h e  n p a r a m e t e r s
J- J XI
^  2
o n  w h ic h  Fc i s  d e p e n d e n t ,  t h e n  t h e  c o n d i t i o n  f o r  
t o  h e  a  minimum i s :
w Q s  = o
3 u j
i . e .  ^  w Q ( t i k £ )  ^ j X ( h lU )  _ g
The n o r m a l  e q u a t i o n s  f o r  t h e  c o r r e c t i o n s   ^ ; to  t h e  
t r i a l  s e t  o f  p a r a m e t e r s  ; Uj f a r e  t h e  n s i m u l t a n e o u s  
l i n e a r  e q u a t i o n s  f
n
“f  £  i ( j w ( h k p )  a o  ( m e t )  . ^ Q ( h k j )
1=i  I 3 u i
= -  w (h k ^ )  Q (h lc i )  D -Q .(frfe-Q;). 
f o r  j  = 1 , 2 ,  . . . . n
b e i n g  e v a l u a t e d  f o r  t h e  t r i a l  s e t  o f^  u .
p a r a m e t e r  v a l u e s .  The o f f - d i a g o n a l  c o e f f i c i e n t s ,
i w , o f  £  ^ i n  t h e  n o r m a l  e q u a t i o n s  a r e
o f t e n  o m i t t e d  i n  t h e  r e f i n e m e n t ,  i n  w h ic h  c a s e  t h e  a to m ic  
p a r a m e t e r s  a n d  t h e  t h e r m a l  p a r a m e t e r s  a r e  t r e a t e d  
s e p a r a t e l y .
I n  t h e  l e a s t - s a u a r e s  p r o g r a m  w r i t t e n  b y  D r . J . S . R o l l e t ,
t h e  a t o m i c  p o s i t i o n a l  p a r a m e t e r s  a r e  e v a l u a t e d  f ro m  a
3 x 3  m a t r i x  f o r  e a c h  a t o m i c  p o s i t i o n ,  t h e  t h e r m a l
v i b r a t i o n a l  p a r a m e t e r s  a r e  e v a l u a t e d  f ro m  a  6  x  6  m a t r i x
f o r  e a c h  a to m ,  a n d  t h e  s c a l e  f a c t o r  i s  e v a l u a t e d  f ro m  a
2 x 2  m a t r i x  w i t h  t h e  p a r a m e t e r  Q r e p r e s e n t i n g  t h e  o v e r a l l
v i b r a t i o n a l  p a r a m e t e r ,  s u c h  t h a t  -J^L-O-L = -  Fc s i n ^ S
d Q
C r u i c k s h a n k  ( 1 9 5 2 )  c o n s i d e r s  t h a t  f o r  s t r u c t u r e s  
w i t h  a l a r g e  c o l l e c t i o n  o f  t h r e e - d i m e n s i o n a l  d a t a ,  t h e s e  
l i m i t a t i o n s  a r e  v a l i d  e x c e p t  i n  t h e  c a s e  o f  c o - o r d i n a t e  
i n t e r a c t i o n s  b e t w e e n  two a t o m s ,  one  o f  w h ic h  d o m i n a t e s  
t h e  p h a s e  d e t e r m i n a t i o n .
The s t a n d a r d  d e v i a t i o n s  o f  t h e  q u a n t i t i e s  u J^
c a n  toe f o u n d  f ro m  t h e  t o t a l s ,  w -? .Q-  • —I Q .
2
i . e .  0 " ( u j ) ^  = -----------Q  -----------
(N -  S) £  w
? u 3 a u 3
w h ere  If i s  t h e  num ber  o f  i n d e p e n d e n t  o b s e r v a t i o n s ,  
an d  S i s  t h e  num ber  o f  p a r a m e t e r s  t o  b e  r e f i n e d .
A nom alous  S c a t t e r i n g  an d  t h e  D i s t i n c t i o n  
o f  B n t a n t i o m o r p h s  b y  X - r a y s .
The s t r u c t u r e  f a c t o r  F(hk jf )  c a n  b e  w r i t t e n  a s
N
F ( h k £ )  = ^ j  e x P 2 fl i  r ^ . S  
0 = 1
On i n v e r s i o n  o f  r j , t h e  s t r u c t u r e  c h a n g e s  to  i t s  e n a n t i o m o r p h , 
a n d  F ( h k £ )  t a k e s  i t s  c o n j u g a t e  v a l u e  p ( h k £ ) n , w h i l e  t h e  
i n t e n s i t y ,  X(hkJ^) =r F ( h k £ ) .F (  h k £ ) n' , r e m a i n s  u n c h a n g e d .  The 
o n l y  c i r c u m s t a n c e  t h a t  c o u l d  i n v a l i d a t e  t h i s  c o n d i t i o n  w ould  
he  f o r  o n e  o f  t h e  s c a t t e r i n g  f a c t o r s  t o  h e  c o m p le x .  I n  
s u c h  a  c a s e ,  t h e  i n t e n s i t y  o f  a  r e f l e x i o n  w o u ld  c h a n g e  on  
i n v e r s i o n  o f  t h e  s t r u c t u r e .  I f  t h e  s c a t t e r i n g  f a c t o r
i s  r e p r e s e n t e d  h y   ^ ^  0 , t h e n  t h e  s t r u c t u r e  f a c t o r
F( hkJ£) h e c o m e s :
On i n v e r s i o n  o f  t h e  s t r u c t u r e ,  t h e  i n t e n s i t i e s  c o u l d  o n l y  
r e m a i n  t h e  same i f  a l l  t h e  &  ^ v a l u e s  w ere  e q u a l .
A c o m p lex  s c a t t e r i n g  f a c t o r  o c c u r s  when t h e  p h a s e  
c h a n g e  i n  t h e  s c a t t e r i n g  p r o c e s s  d i f f e r s  f ro m  t h e  c o r r e s ­
p o n d i n g  p h a s e  c h a n g e  i n  t h e  s c a t t e r i n g  h y  a  f r e e  e l e c t r o n  
so l o n g  a s  t h e  d i f f e r e n c e ,  & ^  fl  . I n  t h e  e x p r e s s i o n  
f o r  t h e  s t r u c t u r e  f a c t o r  i t  i s  n e c e s s a r y  t o  e n s u r e  t h a t  
t h e  t e r m s  due t o  a n o m a lo u s  s c a t t e r i n g  a n d  n o rm a l  s c a t t e r i n g  
h a v e  t h e  c o r r e c t  s i g n  r e l a t i v e  t o  e a c h  o t h e r .  C o n s e q u e n t l y ,  
g r e a t  c a r e  m u s t  he  t a k e n  t o  e n s u r e  t h a t  t h e  p h o t o g r a p h s  
a r e  i n d e x e d  c o r r e c t l y  a n d  t h a t  t h e  s t r u c t u r e  f a c t o r  
c a l c u l a t i o n s  a r e  h a s e d  on  t h i s  i n d e x i n g .
F o r  n o n - c e n t r o s y m m e t r i c  c r y s t a l s ,  t h e  s e q u e n c e  o f  
a to m s  f ro m  t h e  s i d e  hkJ t  i s  t h e  r e v e r s e  o f  t h a t  on t h e  s i d e
h k i  . T h i s  a l l o w s  t h e  d i s t i n c t i o n  b e t w e e n  e n a n t i o m o r p h s  
t o  h e  made h y  m e a s u r e m e n t  o f  r e f l e x i o n s  f ro m  t h e  same 
c r y s t a l  i n s t e a d  o f  e q u i v a l e n t  r e f l e x i o n s  f ro m  c r y s t a l s  
o f  e a c h  e n a n t i o m o r p h  h a v i n g  t o  h e  c o m p a re d .
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e may h e  w r i t t e n :
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w here  O j - 1 a n d  Q -fc n h a v e  h e e n  c a l c u l a t e d  o n  t h e  h a s i s  
o f  H o n l * s  t h e o r y  ( J a m e s ,  1 9 4 6 )  a n d  v a l u e s  o f  0 - ^ '  an d  
Of "  f o r  v a r i o u s  e x c i t i n g  r a d i a t i o n s  h a v e  h e e n  l i s t e d  
h y  D auben  a n d  T e m p l e t o n  ( 1 9 5 5 ) .
P A R T  I .
CB9BKas=sssasassB=ssa=s
The S t r u c t u r e  o f  C l e r o d i n .
X - r a y  A n a l y s i s  o f  C l e r o d i n  B r o m o l a c t o n e .
The S t r u c t u r e  o f  C l e r o d i n :  X - r a y  A n a l y s i s
o f  C l e r o d i n  B r o m o l a c t o n e .
I n t r o d u c t i o n :
C l e r o d i n  i s  t h e  h i t t e r  p r i n c i p l e  o f  C l e r o d e n d r o n  
I n f o r t u n a t u m  o r  t h e  I n d i a n  B h a t  o r  B h a n t ,  a g r e g a r i o u s  
s h r u b ,  common i n  t h e  warm r e g i o n s  o f  I n d i a  f ro m  G-urhwai 
a n d  Assam to  C e y l o n .  I n d i a n s  u s e d  t h e  p l a n t  a s  a 
v e r m i f u g e ,  an  a n t h e l m i n t i c  a n d  a s  an  e f f e c t i v e  an d  c h e a p  
s u b s t i t u t e  f o r  C h i r e t t a .
B a n e r j e e  ( 1 9 3 7 )  i n v e s t i g a t e d  t h e  p l a n t  i n  o r d e r  to  
f i n d  t h e  p r i n c i p l e  r e s p o n s i b l e  f o r  t h e  t h e r a p e u t i c  a c t i o n .  
He s u c c e e d e d  i n  e x t r a c t i n g  a n d  i s o l a t i n g  c o l o u r l e s s ,  
n e e d l e l i k e  c r y s t a l s  o f  an  e x t r e m e l y  h i t t e r  s u b s t a n c e  
w h ic h  he  named c l e r o d i n  a n d  showed to  h e  t h e  a c t i v e  a g e n t  
i n  t h e  B h a n t .  B a n e r j e e  a s s i g n e d  c l e r o d i n  t h e  m o l e c u l a r  
f o r m u l a  C^gH^gOg, h u t  was u n a b l e  t o  o b t a i n  much i n f o r m a t i o n  
a b o u t  i t s  s t r u c t u r e .  C h a u d h u r y  an d  D u t t a  ( 1 9 5 1 ,  1 9 5 4 )  
a r r i v e d  a t  t h e  m o l e c u l a r  f o r m u l a  Gg8^40^8 ^o r  c l e r 0 (3-in 
a n d  c a r r i e d  o u t  i n v e s t i g a t i o n s  on  t h e  n a t u r e  o f  t h e  o x y g e n  
a to m s  i n  t h e  m o l e c u l e .  They s u c c e e d e d  i n  c h a r a c t e r i s i n g  
an  a c e t a t e  g r o u p i n g  ( - 0 . 0 0 . C H g )  an d  t h o u g h t  t h a t  t h e r e  
w ere  f o u r  h y d r o x y l  g r o u p s  p r e s e n t .
B a r t o n  ( i 9 6 0 )  h a d  e v i d e n c e  t h a t  a  v i n y l  e t h e r  
g r o u p i n g  ( I ) ,  two a c e t a t e  g r o u p s ,  an d  an  e p o x i d e  r i n g  ( I I )
w ere  p r e s e n t  i n  c l e r o d i n .  He Had a l s o  shown t h a t  
a n a l y t i c a l  r e s u l t s  w ere  c o n s i s t e n t  w i t h  a f o r m u l a  o f  
^ 2 1 ^ 3 0 ^ 6  ^o r  c -^er0(3-^;n* By a d d i t i o n  o f  hypo h ro m o u s  a c i d  
t o  t h e  v i n y l  e t h e r  g r o u p i n g  ( I ) ,  B a r t o n  was a h l e  to  
p r e p a r e  a  b r o m o h y d r i n  ( I I I ) ,  w h ic h  on  o x i d a t i o n  gave  
a  b r o m o ~ y  - l a c t o n e  ( I V ) .
The X - r a y  work  was c a r r i e d  o u t  m a i n l y  on  c l e r o d i n  
b r o m o l a c t o n e , a l t h o u g h  some p r e l i m i n a r y  m e a s u r e m e n t s  
w ere  made on  c l e r o d i n  b r o m o h y d r i n ,  c r y s t a l s  o f  b o t h  
compounds b e i n g  s u p p l i e d  b y  P r o f e s s o r  B a r t o n .
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(X II ) ( IV )
E x p e r i m e n t a l :
C r y s t a l  D a t a .
C l e r o d i n  B r o m o h y d r i n ; (Cg^H^gOgBr) ; M = 5 3 0 . 9 ;  
m .p .  1 8 6 - 1 8 7 ° (  decomp.  ) ; ^ ( c a l c . )  =
f o u n d )  = 1*429  f l o t a t i o n ) ;  O r t h o r h o m b i c ,
o
a  =. 11.4-4 ± 0 . 0 3 ,  h  =. 9 . 7 3  ± 0 . 0 6 ,  c =  2 2 . 5 0  + 0 . 1 5  A. 
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V  =t 2 5 0 4 .5  A . No. o f  mol  s .  (Z)  = 4 .  A b s e n t  s p e c t r a ,
(hOO) when h  i s  o d d ,  (^OkO) when k  i s  o d d ,  (,00,£) when .£ i s
4  \o d d .  S p a ce  g r o u p  '22^2-^2^ CDg, ) .  A b s o r p t i o n  C o e f f i c i e n t
■\ 0  - 1  f o r  X - r a y s  ( A = 1 . 5 4 2  A) = 2 8 . 4  cm. T o t a l  number
o f  e l e c t r o n s  p e r  u n i t  c e l l  = p ( 0 0 0 ) = 1 1 1 2 ,
C l e r o d i n  Bromo l a c  t o n e ; ( C24H3 ^ 8 B r )> M ”  5 2 8 . 9 ;  
m .p .  1 6 8 - 1 6 9 ° .  d ( c a l c . )  = 1 . 4 4 2 ,  f o u n d )  = 
f l o t a t i o n ) ;  0 r t h o r h o m b i c , a = 1 0 . 5 5  £  0 . 0 3 ,
To = 1 0 . 1 2  t  0 . 0 3 ,  o = 2 2 . 8 2  t  0 . 0 7  A; V = 2 4 3 6 . 4  A3 ;
No. o f  m o l e c u l e s / c e l l  (Z )  = 4 .  A b s e n t  s p e c t r a ,  (hOO) when 
h  i s  o d d ,  (OkO) when k  i s  o d d ,  Coo i )  when fl i s  o d d .
S pace  g r o u p ,  P2]_21 2^ ( D ^ ) .  A b s o r p t i o n  C o e f f i c i e n t  f o r
\  °  -1  X - r a y s  ( A = 1 . 5 4 2  A) yu. =  2 8 . 4  cm. T o t a l  number  o f
e l e c t r o n s  p e r  u n i t  c e l l  = F(OOO) = 1 1 0 4 .
P r e l i m i n a r y  m e a s u r e m e n t s  w ere  c a r r i e d  o u t  on  b o t h
c l e r o d i n  b r o m o h y d r i n  a n d  c l e r o d i n  b r o m o l a c t o n e .  The two
compounds b e l o n g e d  to  t h e  same s p a c e  g ro u p  an d  b a d  c e l l  
d i m e n s i o n s  o f  a  s i m i l a r  o r d e r  o f  m a g n i t u d e .  The c r y s t a l s  
o f  t h e  b r o m o l a c t o n e  w ere  b e t t e r  f o rm e d  t h a n  t h o s e  o f  t h e  
b r o m o h y d r i n  an d  gave  s h a r p e r  1 r e f l e x i o n s ’ . The d a t a  
f o r  t h e  b r o m o l a c t o n e  w en t  o u t  t o  a g r e a t e r  l i m i t  t h a n  
t h e  d a t a  f o r  t h e  b r o m o h y d r i n .  C o n s e q u e n t l y  t h e  X - r a y  
a n a l y s i s  was c a r r i e d  o u t  o n  c l e r o d i n  b r o m o l a c t o n e .
R o t a t i o n ,  o s c i l l a t i o n ,  W e i s s e n b e r g  a n d  p r e c e s s i o n  
p h o t o g r a p h s  w ere  t a k e n  w i t h  C u K ^  r a d i a t i o n  ( A  = 1 . 5 4 2  A ) ,  
a n d  Molybdenum ( A= 0 . 7 1 0 7  X . )  r a d i a t i o n .  The c e l l  
d i m e n s i o n s  w ere  o b t a i n e d  f ro m  r o t a t i o n  a n d  p r e c e s s i o n  
p h o t o g r a p h s .  S m a l l  c r y s t a l s  o f  a p p r o x i m a t e l y  s q u a r e  
c r o s s - s e c t i o n  w ere  u s e d  to  c o l l e c t  t h e  i n t e n s i t i e s  on  
z e r o - l a y e r  a n d  e q u i - i n c l i n a t i o n  W e i s s e n b e r g  p h o t o g r a p h s .  
Two s e r i e s  o f  p h o t o g r a p h s  w ere  t a k e n  f ro m  c r y s t a l s  r o t a t e d  
a b o u t  t h e  a -  a n d  b -  a x e s .  The i n t e n s i t i e s  were  e s t i m a t e d  
v i s u a l l y ,  u s i n g  t h e  m u l t i p l e  f i l m  t e c h n i q u e  ( R o b e r t s o n ,  
1 9 4 5 )  a n d  a c a l i b r a t e d  s t e p - w e d g e .  The i n t e n s i t i e s  were  
c o r r e c t e d  f o r  L o r e n t z ,  p o l a r i s a t i o n  a n d  r o t a t i o n  f a c t o r s  
f o r  u p p e r  l a y e r s  a n d  t h e  v a l u e s  o f  t h e  s t r u c t u r e  
a m p l i t u d e s  (F 0 ) w ere  o b t a i n e d  f ro m  t h e  m o s a i c  c r y s t a l  
f o r m u l a .  The v a r i o u s  z o n e s  w ere  p l a c e d  o n  t h e  same 
r e l a t i v e  s c a l e  b y  r e f e r e n c e  to  common r e f l e x i o n s  f rom
b o t h  s e r i e s  o f  p h o t o g r a p h s .  A t  a l a t e r  s t a g e  i n  t h e  
a n a l y s i s ,  t h e  s t r u c t u r e  a m p l i t u d e s  w ere  p l a c e d  o n  t h e  
c o r r e c t  a b s o l u t e  s c a l e  b y  c o m p a r i s o n  w i t h  t h e  c a l c u l a t e d  
v a l u e s  | P C| .  I n  a l l  1 5 1 2  i n d e p e n d e n t  s t r u c t u r e  f a c t o r s  
w ere  o b t a i n e d .
S t r u c t u r e  D e t e r m i n a t i o n .
I .  The D e t e r m i n a t i o n  o f  t h e  H eav y  Atom P o s i t i o n s .
I t  was  h o p e d  t o  d e t e r m i n e  t h e  p o s i t i o n s  o f  t h e  
b r o m i n e  a to m s  i n  t h e  u n i t  c e l l  b y  s e l e c t i n g  t h e  
c o n c e n t r a t i o n s  o f  v e c t o r  p e a k s  due to  B r  -  B r  v e c t o r s  
f ro m  e i t h e r  t h e  t w o - d i m e n s i o n a l  P a t t e r s o n  p r o j e c t i o n s  
o r  f ro m  t h e  f u l l  t h r e e - d i m e n s i o n a l  P a t t e r s o n  s y n t h e s i s .  
F o r  a  c r y s t a l  b e l o n g i n g  to  t h e  o r t h o r h o m b i c  s y s t e m ,  t h e  
e x p r e s s i o n  f o r  t h e  P a t t e r s o n  f u n c t i o n  P(UVW) i s :
« 0  OO
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o o o c o s 2  n £w
T h i s  e x p r e s s i o n  c a n  b e  s i m p l y  r e d u c e d  to  t h a t  f o r  t h e  
P a t t e r s o n  p r o j e c t i o n s  P(UW) an d  P(VW) down t h e  b -  and  
a -  a x e s  r e s p e c t i v e l y .  P r i o r  t o  c o m p u t a t i o n  o f  a n y  o f  
t h e s e  f u n c t i o n s  t h e  c o e f f i c i e n t s  o f  t h e  s e r i e s  [ F ( h k O | 2  
w ere  m o d i f i e d  t o  | p ( h k ^ ) J 2  M(S) w h ere
M( § )  = { f o  exp  ( s i n 2 0 / X 2 ) ^ 2 .
The v e c t o r s  t o  be  e x p e c t e d  b e t w e e n  b r o m i n e  a to m s  i n  
t h e  s p a c e  g r o u p  P 2 - 2^ ^ 2 ^ w i t h  one  m o l e c u l e  i n  t h e  
a s y m m e t r i c  u n i t  a r e  shown i n  T a b le  I .
The t w o - d i m e n s i o n a l  P a t t e r s o n  p r o j e c t i o n s  (VW) and  
(UW) w ere  c o m p u te d  u s i n g  205 a n d  218 t e r m s  r e s p e c t i v e l y ;  
t h e  maps a r e  shown i n  F i g s .  I  a n d  I I .  I n  t h e  p a r t  o f
TABLE I .
V e c t o r s  t o  ~be e x p e c t e d  w i t h  one  ‘b ro m in e  a tom  p e r  
e q u i v a l e n t  p o s i t i o n  i n  t h e  s p a c e  g r o u p  2 ^ 2 - ^
- i + 2 x B r , 2 y B r » l i Ji + S y B r , 2 z 3 r 2 x B r 9  ^ ? 2+ 2 z B t5
i ~ 2 x g r , - 2 y ] 3 r , ^ - ~ ^ x 3 r  > 2 + 2 z B r i > i - 2 y B r , 2 z . B r
i , i - S y B r , - 2 z B r 2 x B r , ^ , 2 ”‘2 z iBr - i + 2 x B r , - 2 y B r ?-g
*“ 2XB r  9 ? 2 “  S Z-gp i  >2 + ^ B r  ’ ~ 2 z B r 4 “ 2 x B p , 2 y B r ,-J -
oPI,
P a t t e r s o
C o n t o u r s
r e f e r r e d
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F i g .  I I * P a t t e r s o n  P r o j e c t i o n  dov/n b - a x i s  ,P (U ,W ) .
C o n t o u r s  a t  a r b i t r a r y  i n t e r v a l s .  P e a k s  
r e f e r r e d  t o  i n  t e x t  a r e  m a r k e d  on  d ia g ra m ,
t h e  (VW) p r o j e c t i o n  shown t h e r e  s h o u l d  h e  d o u b le  w e i g h t  
p e a k s  a t  Sy-gp,^ o n  t h e  l i n e ,  (V,*^) an d  a t  i , i - 2 z - g r  o n  
t h e  l i n e  ( 4 ,w ) »  w i t h  a  s i n g l e  w e i g h t  p e a k  a t  i - 2 y-gr ,
2 z Br i n  a  g e n e r a l  p o s i t i o n .  The c o n c e n t r a t i o n  o f  
v e c t o r s  a t  2yB r? -g i s  c l e a r l y  p e a k  A; f o r  t h e  c o n c e n t r a t i o n  
o f  v e c t o r s  o n  t h e  l i n e  ( i j W )  t h e r e  a r e  s e v e r a l  p o s s i b i l i t i e s  
w h ic h  c a n n o t  b e  d i s t i n g u i s h e d  b y  t h e  p r e s e n c e  o f  an y  h e a v y  
c o n c e n t r a t i o n  o f  v e c t o r s  i n  a  g e n e r a l  p o s i t i o n .
I n  t h e  p a r t  o f  t h e  (UW) P a t t e r s o n  p r o j e c t i o n  shown i n  
P i g . I I ,  t h e r e  s h o u l d  b e  p e a k s  o f  d o u b le  w e i g h t  a t  J - 2 x B r , \  
o n  t h e  l i n e  ( U , J )  a n d  a t  4 , 2 z Br  o n  t h e  l i n e  ( 4 ,W ) ,  w i t h  a 
s i n g l e  w e i g h t  p e a k  a t  2 x Br ,  i - 2 z Br i n  a  g e n e r a l  p o s i t i o n .
The p r e s e n c e  i n  a  g e n e r a l  p o s i t i o n  o f  p e a k  F f w h ic h  c o u l d  
b e  t h e  c o n c e n t r a t i o n  o f  v e c t o r s  a t  2 x B r ,-§--2 z BlJ w ould  
i n d i c a t e  t h a t  t h e  two o t h e r  c o n c e n t r a t i o n s  a r e  t h e  p e a k s  
A1 a n d  C ' , t h e  l a t t e r  p e a k  c o r r e s p o n d i n g  to  t h e  p e a k  D on  
F i g . I .  I n  t h i s  way a c o n s i s t e n t  s e t  o f  b r o m i n e  c o - o r d i n a t e s  
c a n  b e  o b t a i n e d  f ro m  t h e  two P a t t e r s o n  p r o j e c t i o n s .  
U n f o r t u n a t e l y ,  a t  l e a s t  one  o t h e r  s e t  c o u l d  b e  o b t a i n e d .
On t h e  p r o j e c t i o n  (UW) t h e r e  i s  a  p e a k  G-f w h ic h  c o u l d  b e  
t h e  g e n e r a l  p e a k  c o r r e s p o n d i n g  to  D! a l o n g  t h e  l i n e  (-§,W),
w h ic h  w o u ld  b e  c o n s i s t e n t  w i t h  t h e  o c c u r r e n c e  o f  p e a k  C on 
t h e  p r o j e c t i o n  (VW) a l o n g  t h e  l i n e  (-g,W). A l t h o u g h  t h e  
f i r s t  s e t  i s  made up  o f  s t r o n g e r  v e c t o r  c o n c e n t r a t i o n s ,
i t  was t h o u g h t  d e s i r a b l e  t o  compute  t h e  t h r e e  H a r k e r  
s e c t i o n s  o f  t h e  t h r e e - d i m e n s i o n a l  P a t t e r s o n  s y n t h e s i s  
a t  ( 4 ,V ,W ) ,  (U ,4 ,W )  a n d  ( U , V , i ) .
T hese  s e c t i o n s  a r e  shown i n  P i g s .  I l l ,  IV  an d  V 
a n d  s h o u l d  c o n t a i n  r e s p e c t i v e l y  v e c t o r  c o n c e n t r a t i o n s  
u t  ^""Sy-gp, 2 x ,  ■g—SZ'gpj an d  2 “ 2 x Bp ,  2 y Bj»«
The l a r g e s t  p e a k  o n  e a c h  s e c t i o n  gave a  c o n s i s t e n t  s e t  
o f  v a l u e s  f o r  Xgr , a n d  zBr  w h ic h  c o r r e s p o n d e d  to
t h e  f i r s t  s e t  o b t a i n e d  f ro m  t h e  t w o - d i m e n s i o n a l  
P a t t e r s o n  p r o j e c t i o n s .
The c o - o r d i n a t e s  o b t a i n e d  f o r  t h e  b r o m in e  a tom  i n  
t h i s  way w e r e :
%  = 0 . 1 4 4 ;  %=  0 . 0 8 7 ;  %  = 0 . 2 0 4 .
T h e se  c o - o r d i n a t e s ,  b e i n g  i n  q u i t e  g e n e r a l  p o s i t i o n s ,  
s h o u l d  g i v e  s a t i s f a c t o r y  p h a s e  d e t e r m i n a t i o n  o f  t h e  
s t r u c t u r e  f a c t o r s .
F i g . I l l . T h r e e - d i m e n s i o n a l  S h a r p e n e d  P a t t e r s o n
S y n t h e s i s .  S e c t i o n  P ( i , V , W ) .
C o n t o u r s  a t  a r b i t r a r y  i n t e r v a l s .
B r - B r  v e c t o r  m a r k e d .
S i
F i g . I V .  T h r e e - d i m e n s i o n a l  S h a r p e n e d  P a t t e r s o n  
S y n t h e s i s .  S e c t i o n  P ( U , i ,W ) . .  
C o n t o u r s  a t  a r b i t r a r y  i n t e r v a l s .
B r - B r  v e c t o r  i s  m a r k e d .
□%
0
V» T h r e e - d i m e n s i o n a l  S h a r p e n e d  P a t t e r s o n  
S y n t h e s i s .  S e c t i o n  P ( U , V , y ) .  
C o n t o u r s  a t  a r b i t r a r y  i n t e r v a l s .
B r - B r  v e c t o r  i s  m a rk e d .
TABLE I I .
The C o u rse  o f  th e  A n a l y s i s ,
2-D P a t t e r s o n  P r o j e c t i o n s
3-D P a t t e r s o n  S y n t h e s i s  ( H a r k e r  S e c t 11,)
B r  c o - o r d i n a t e s  Be = 5 
S t r u c t u r e  F a c t o r  I  R = 51%
F o u r i e r  Map I' co m pu ted  w i t h  1426 t e r m s  
3-D S u p e r  p o s i t i o n  Map
15 a to m s  + Br  Be = 3
S t r u c t u r e  F a c t o r  I I  R = 43%
F o u r i e r  Map I I  1443 t e r m s
|  14  a to m s  + Br  B^ = 3
S t r u c t u r e  F a c t o r  I I I  R 42%
F o u r i e r  Map I I I  1466 t e r m s
2 1  a to m s  
+ Br  
(,B„ = 3)
2 - D i m e n s i o n a l  S. F. c a l c u l n 
F o u r i e r  P r o j e c t i o n
S t r u c t u r e  F a c t o r  IV R = 40%
F o u r i e r  Map IV 1414  t e r m s
S o l u t i o n  
o f  S t r u c t u r e  
a p a r t  f ro m  
c o n f i g 11* o f  CgQ J '
31 a tom s  ( B q = 3 )  
+ Br
S t r u c t u r e  F a c t o r  V R = 32%
F o u r i e r  V 1494  t e r n s
32 a tom s  (5 a s  Oxygen)  
+ Br  Bq = 3
-  C o n t ’ d
TABLE I I . ( C o n t 'd )
The C o u r s e  o f  t h e  A n a l y s i s ' .
S t r u c t u r e  F a c t o r  VI R =  30% 
F o u r i e r  VI A l l  t e r m s .i32 a to m s  ( 7  a s  Oxygen)  + Br  ( B q = 3)
S t r u c t u r e  F a c t o r  V I I  E = 89% 
I b u r i e r  V I I  (F n + F_)
132 a to m s  (7  a s  Oxygen)  + B r  (B0  — 4 )
S t r u c t u r e  F a c t o r  V I I I  R = 24%
F o u r i e r  V I I I  (FQ + Fc )
J^32 a to m s  (7  a s  Oxygen)  (B0  =: 4 )
S t r u c t u r e  F a c t o r  IX  R = 22.5%
F o u r i e r  I X  (F q + Fc )
j s 2  a to m s  (7  a s  Oxygen)  (B0  = 4 )
S t r u c t u r e  F a c t o r  X R =  21.4%
F o u r i e r  X (F 0  + Fc )
32 a tom s  ( 8  a s  Oxygen)  B@ a s s i g n e d  on
b a s i s  o f  F0  + Fc 
s y n t h e s i s .
L e a s t  S q u a r e s  I  R = 20.8%
S o l v e  I  £  w.fl 2  = 1572
I Br  a n i s o t r o p i c ,  a l l  o t h e r s  i s o t r o p i c  B0  
L e a s t  S q u a r e s  I I  R = 19.3%
S o l v e  I I  £ w 0  2  = 1005
IBr + 0 a tom s  a n i s o t r o p i c  C a tom s  i s o t r o u i c
-  C o n t ‘ d
TABUS I I . ( C o n f d )
The C o u r s e  o f  t h e  A n a l y s i s
L e a s t  S q u a r e s  I I I  R =* 18.0%
S o lv e  I I I  £ w Q 2  = 872
A l l  a to m s  a n i s o t r o p i c
L e a s t  S q u a r e s  IV  R = 17.2%
S o lv e  IV wQ 2  = 1240 ( U s i n g  d i f f e r e n t
w e i g h t i n g  s y s te m )
P i n a l  S. P.. C a l c u l a t i o n  ( A l l  a tom s  a n i s o t r o p i c )  
P i n a l  PQ map R =  16%.
I I . The F i r s t  C y c le  o f  S t r u c t u r e  F a c t o r  
send F o u r i e r  C a l c u l a t i o n s .
The r a t i o  2 ^ a s  a v a l u e  1he r a t i o h a s  a v a l u e  o f  0 . 8 7 0  f o r
t h e  c l e r o d i n  hrorno l a c  t o n e  s t r u c t u r e .  A f lo w  d ia g ra ra  o f  
t h e  c o u r s e  o f  t h e  s t r u c t u r e  a n a l y s i s  i s  g i v e n  i n  T a b le  I I .
The f i r s t  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  was c a r r i e d  
o u t  on  t h e  p o s i t i o n s  o f  t h e  "bromine a tom s  f o u n d  f rom  t h e  
t h r e e - d i m e n s i o n a l  P a t t e r s o n .  The e x p r e s s i o n  f o r  s t r u c t u r e  
f a c t o r s  i n  t h e  s p a c e  g r o u p  P 2 1 2 1 2 1  i s :
when h  + k  = 2 n ,  A = 4  c o s  2 H h x  c o s  2  n  k y  c o s  2 l l ( z
B = -4  s i n  2 H h x  s i n  2 H ky  s i n  2  H £.z
a n d  when h  + k  = 2 n + 1 ,
o f  51%. The v a l u e s  o f  P0  a n d  Fc were  ex a m in e d  and  i n  
t h e  c a s e s  where  | F 0 | >  2 |F C | } t h e  r e f l e x i o n  was o m i t t e d  
f rom  t h e  f i r s t  F o u r i e r  s e r i e s .  The e x p r e s s i o n  f o r  t h e  
e l e c t r o n  d e n s i t y  i n  t h e  s p a c e  g r o u p  P 2 ^ 2 ^ 2 ^ i s
A as. - 4  s i n  2 H hx  s i n  2 (“I k y  c o s  2 fl£.z 
B = 4  c o s  2 0 h x  c o s  2 n k y  s i n  2 f l £ z
T h i s  c a l c u l a t i o n  showed a  d i s c r e p a n c y ,
F i g . V I . The F i r s t  T h r e e - dimen s i o  na 1 C o u r i e r  Map and 
S u p e r p o s i t i o n  F u n c t i o n .  S e c t i o n s  * re  drawn 
on g l a s s  an d  t h e  s h e e t s  a r e  s t a c k e d  JLr  to  
t h e  b - a x i s .  The p e a k s  m a rk e d  b y  c r o s s e s  were 
t h o s e  i n c l u d e d  i n  t h e  s e c o n d  c y c l e  o f  c a l c u l a t i o n s .  
Atoms an d  c h e m i c a l  f r a g m e n t s  r e f e r r e d  to  i n  t e x t  
a r e  shown on t r a c i n g  s h e e t .  (N, B. These f r a g m e n t s  
o f t e n  do n o t  c o r r e s p o n d  to  t h e  e q u i v a l e n t  p o s i t i o n  
o f  t h e  f i n a l  c o - o r d i n a t e s  l i s t e d  i n  T a b le  V I . )

31.
{ •o o* a* h+k= 2 n
i l l  I F(hkJt)  | [ c o s  2 n h X  c o s  2 r ik Y  cos  2 f l i Z  
0 0 0  c o s o l  (hkfi)
-  s i n  2 R hX s i n  2 f l k Y  s i n  2 Hj£Z s i n  oC(hk(l)J ~
oo 00  0 0  b+k= 2 n + l
£ i £ b ( h k O l [ s i n  2 n k X  s i n  2 fl kY c o s  2 n £ Z  c o s o l  (tikfl)
0 0 0
-  c o s  2 n h X  c o s  2 f l k Y  s i n  2 r \ i Z  s i n < x ( h k £ ) J  J
The f i r s t  F o u r i e r  map i s  shown i n  F i g . V I  w i t h  s e c t i o n s  
p e r p e n d i c u l a r  t o  t h e  b - a x i s  drawn on  g l a s s  an d  " b u i l t  
up  t o  g i v e  a  t h r e e - d i m e n s i o n a l  e f f e c t .
T h e re  were  a g r e a t  many p e a k s  t h a t  c o u l d  r e p r e s e n t  
p o s s i b l e  c a r b o n  o r  o x y g en  a to m s .  The m o s t  s i g n i f i c a n t  
s t r u c t u r a l  f e a t u r e  was a f i v e - m e m b e r e d  r i n g  (A) ( C ( l l ) ,
C ( 1 2 ) ,  0 ( 1 3 ) ,  C ( 1 6 )  an d  0 ( 6 ) )  The re  was a n o t h e r  atom (0 (7 ) )  
t h a t  a p p e a r e d  to  b e  b o n d e d  to  C (16 )  o f  r i n g  (A) b u t  c o u l d  
n o t  b e  t h e  o x y g e n  o f  a c a r b o n y l  g ro u p  a s  one m i g h t  e x p e c t  
i n  t h a t  p o s i t i o n ^ o n  a c c o u n t  o f  t h e  a n g l e  ( 0 ( 6 ) 0 ( 1 6 ) 0 ( 7 ) )  
b e i n g  t e t r a h e d r a l .  I t  was d i f f i c u l t  to  f i n d  an atom t h a t  
c o u l d  b e  c o v a l e n t l y  b o n d e d  t o  t h e  b r o m in e  atom; t h e  two 
n e a r e s t  p e a k s  seemed t o  b e  d i f f r a c t i o n  Tr i p p l e s ’ due to  t h e  
p r e s e n c e  o f  t h e  b r o m i n e  a tom an d  i n  a n y  c a s e  n e i t h e r  seemed to  
b e  a t t a c h e d  to  o t h e r  a to m s ,  a  three-mem.ber e d  r i n g  (i>) c o u ld  
a l s o  be d i s t i n g u i s h e d  a n d  t h i s  c o u l d  w e l l  be t h e  e p o x id e  
g r o u p  known t o  be p r e s e n t  i n  c l e r o d i n .  A n o th e r  g roup  o f  f i v e
a to m s  ( G ( 6 ) , 0 ( 4 ) , 0 ( 2 5 ) , 0 ( 5 ) , C ( 2 4 ) ) c o u l d  b e  d i s c e r n e d  
i n  t h e  g e n e r a l  sh a p e  o f  an a c e t a t e  g ro u p  (C) a t t a c h e d  
to  a  c a r b o n  a tom .  On a c c o u n t  o f  l a c k  o f  e x p e r i e n c e  
i n  t h i s  t y p e  o f  work  a t  t h i s  t i m e ,  i t  was t h o u g h t  b e t t e r  
to  s e e k  a d d i t i o n a l  e v i d e n c e  f o r  t h e  c o r r e c t n e s s  o f  
a t o m i c  p o s i t i o n s  r a t h e r  t h a n  to  i n c l u d e  a tom s i n  t h e  
p h a ;s in g  c a l c u l a t i o n s  t h a t  m i g h t  p r o v e  to  b e  f a l s e .
33.
H I .  T h r e e - d i m e n s i o n a l  S u p e r p o s i t i o n  S a n c t i o n .
T h i s  t h r e e - d i m e n s i o n a l  f u n c t i o n  was o b t a i n e d  h y  
p l a c i n g  t h e  o r i g i n  o f  t h e  t h r e e - d i m e n s i o n a l  P a t t e r s o n
i n  t u r n  a t  e a c h  b rom ine  p o s i t i o n  and  a c c e p t i n g  t h e  
minimum v a l u e  o f  t h e  f o u r  t r a n s p o s e d  P a t t e r s o n  f u n c t i o n s  
a s  t h e  v a l u e  o f  t h e  s u p e r p o s i t i o n  f u n c t i o n .  T h i s  f u n c t i o n  
was t h e n  d raw n u p  on  t h e  same g l a s s  s h e e t s  a s  h e l d  t h e  
t h r e e - d i m e n s i o n a l  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n .  When 
b o t h  f u n c t i o n s  h a v e  a  maximum v a l u e ,  t h e r e  i s  s t r o n g  
e v i d e n c e  f o r  t h e  p r e s e n c e  o f  a g e n u i n e  a tom .  F i f t e e n  
s u c h  s i t e s  w ere  s e l e c t e d  a s  c o r r e s p o n d i n g  t o  a to m ic  
p o s i t i o n s  a n d  t h e s e  a r e  i n d i c a t e d  i n  F i g . V I .
map,  w i t h  t h e  c o e f f i c i e n t s  h a v i n g
34.
IV . The S o l u t i o n  o f  th e  S t r u c t u r e .
The s e c o n d  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  was c a r r i e d  
o u t  on  f i f t e e n  a t o m s ,  i n c l u d e d  w i t h  c a r b o n  fo rm  f a c t o r s ,  
an d  t h e  b r o m i n e  a to m .  The R - f a c t o r  was 43%. An 
e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  c a l c u l a t e d  on  t h e  b a s i s  o f  
t h e  p h a s e s  so o b t a i n e d  i s  shown i n  F i g .  V I I .  Some o f
t h e  s m a l l e r  p e a k s  a p p a r e n t  i n  P o u r i e r  I  h a d  d i s a p p e a r e d ,  
a n d  t w e l v e  o f  t h e  f i f t e e n  l i g h t  a tom s  i n c l u d e d  i n  t h e  
p h a s i n g  c a l c u l a t i o n s  h a d  come up  to  s a t i s f a c t o r y  h e i g h t s .  
The f iv e - m e r n b e r e d  r i n g  s e e n  i n  P o u r i e r  I  was c l e a r l y  
g e n u i n e  a s  t h e  one  a tom n o t  i n c l u d e d  i n  t h e  p h a s i n g  
c a l c u l a t i o n s  was r e p r e s e n t e d  b y  a s u b s t a n t i a l  p e a k .  
S i m i l a r l y ,  t h e  a tom  f rom  t h e  th r e e - m e m b e r e d  r i n g  n o t  
i n c l u d e d  i n  t h e  p h a s i n g  c a l c u l a t i o n s  came up  to  a 
s a t i s f a c t o r y  h e i g h t  i n  t h e  e l e c t r o n  d e n s i t y  map. The 
p r o b le m  o f  f i n d i n g  t h e  p o i n t  o f  a t t a c h m e n t  o f  t h e  b ro m in e  
a tom t o  t h e  r e s t  o f  t h e  m o l e c u l e  r e m a i n e d  u n s o l v e d ,  t h e
o
d i s t a n c e  b e t w e e n  t h e  b r o m in e  atom an d  0 ( 1 3 )  b e i n g  3 . 0 2  A. 
I n  a d d i t i o n  to  t h e  a c e t a t e  g r o u p  r e c o g n i s e d  e a r l i e r ,  
t h e  a t o m s ,  C ( 1 8 ) ,  0 ( 2 ) ,  C ( 2 l ) ,  0 ( 3 ) ,  C ( 2 2 ) ,  m ak in g  up 
a  s e c o n d  a c e t a t e  g r o u p  ( D ) , c o u l d  b e  d i s c e r n e d  a t t a c h e d  
to  an  a tom  a d j o i n i n g  0 ( 4 )  o f  t h e  e p o x i d e  g r o u p .
P i g . V I I . The S econd  T h r e e - d  
S e c t i o n s  " r e  l r "  ' 
b - a x i s .  Atoms ° n 1 
r e f e r r e d  to  i n  t h e  
t r a c i n g  s h e e t .
a e r s i o n e l  C o u r i e r
•pe r p e n  d 1c u l °  r  to  t  
c h e m i c a l  f r a g m e n t s  
t e x t  a r e  shown on

?! A t  t h i s  s t a g e  t h e  p a r t i a l
i
s t r u c t u r e  shown i n  (V) "by t h e  
u n b r o k e n  l i n e  c o u l d  h e  d i s c e r n e d .  
T h i s  a c c o u n t e d  f o r  t w e n t y  f i v e  
o f  t h e  t w e n t y  e i g h t  l i g h t  a toms 
e x p e c t e d .  The m a in  d i f f i c u l t y  
i n  a c c e p t i n g  t h i s  s t r u c t u r e  was 
t h e  p o s i t i o n  o f  a t t a c h m e n t  o f  
t h e  b r o m in e  a tom.  I f  one 
a ssum ed  t h e  p r e s e n c e  o f  a 
s e c o n d  f iv e -m e m b e r e d  r i n g  (E) 
i n  t h e  s t r u c t u r e  (V ) ,  to  which
£
t h e  b r o m in e  atom c o u l d  be  
a t t a c h e d ,  t h e  r e s u l t i n g  s t r u c t u r e  
wou ld  have  t h e  a c c e p t e d  m o l e c u l a r  
f o r m u l a ,  CgiHggOyBr. The 
(V) p o s i t i o n  o f  t h e  two a c e t a t e
g r o u p s ,  h o w e v e r ,  was m o s t  u n u s u a l  f rom  a c h e m i c a l  p o i n t  
o f  v i e w ,  some p e a k s  i n  t h e  F o u r i e r  map were a s  y e t  
u n a c c o u n t e d  f o r ,  an d  t h e  c r y s t a l l o g r a p h i c  e v i d e n c e  f o r  
r i n g  (E )  was s l i g h t  ( t h e  p r e s e n c e  o f  maxima a t  0 ( 1 3 ) ,
0 ( 1 6 ) ,  0 ( 7 ) ,  a n d  0 (8 ) ) .
A t h i r d  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  was c a r r i e d  o u t  
i n c l u d i n g  f o u r t e e n  l i g h t  a tom s  t h a t  were a l m o s t  c e r t a i n l y
3
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g e n u i n e  ( 0 ( 1 ) ,  C ( 2 ) ,  0 ( 4 ) ,  0 ( 9 ) ,  C ( l 0 ) ,  C ( l l ) ,  0 ( 1 2 ) ,
0 ( 1 3 ) ,  0 ( 1 6 ) ,  0 ( 1 7 ) ,  0 ( 1 ) ,  0 ( 6 ) ,  0 ( 7 )  and  0 ( 8 )  ) .  E l e v e n  
o f  t h o s e  a to m s  h a d  b e e n  u s e d  i n  t h e  s e c o n d  s t r u c t u r e  
f a c t o r  c a l c u l a t i o n ;  ' t h e  t h r e e  a tom s  i n  t h a t  c a l c u l a t i o n  
t h a t  h a d  n o t  come up t o  r e a s o n a b l e  h e i g h t s  were  r e j e c t e d  
f ro m  t h e  t h i r d  c a l c u l a t i o n ,  a s  was C ( 6 ) ,  a l t h o u g h  i t  was 
p r o b a b l y  g e n u i n e .  The R - f a c t o r  f o r  t h i s  t h i r d  c a l c u l a t i o n  
was 42%, a n d  t h e  F o u r i e r  map com puted  on  t h e  b a s i s  o f  t h e  
p h a s e s  o b t a i n e d  i s  shown i n  F i g .  V I I I .
A l l  t h e  a to m s  i n c l u d e d  i n  t h e  t h i r d  s t r u c t u r e  f a c t o r
c a l c u l a t i o n  came up  to  s a t i s f a c t o r y  h e i g h t s .  O f  t h e
t h r e e  a to m s  t h a t  f a i l e d  to  come up  i n  t h e  s e c o n d  e l e c t r o n
d e n s i t y  map,  two h a d  v i r t u a l l y  d i s a p p e a r e d  and  were t h u s
c o n s i d e r e d  to  h av e  b e e n  s p u r i o u s  d e t a i l ,  b u t  t h e  t h i r d
p e a k ,  C ( 1 9 ) ,  a t  a p o s s i b l e  s i t e  n e a r  0 ( 9 )  h a d  a h e i g h t  o f
2 . 8  e l e c t r o n s / ^ . T h i s  p e a k  t h e r e f o r e  a p p e a r e d  to
r e p r e s e n t  a  g e n u i n e  a to m .  A l l  t h e  num bered  a toms i n  t h e
s t r u c t u r e  (v) h a d  come up  to  s a t i s f a c t o r y  h e i g h t s ,  w h e th e r
t h e y  w ere  i n c l u d e d  i n  t h e  p h a s i n g  c a l c u l a t i o n s  o r  n o t ,  b u t
t h e r e  w ere  two o t h e r  p e a k s ,  0 ( 7 )  and  0 ( 8 ) ,  i n  t h e  e l e c t r o n
° 5d e n s i t y  map t h a t  h a d  a h e i g h t  o f  2 .1 5  an d  2 .1 8  e l e c t r o n s / A  
r e s p e c t i v e l y .  T h e re  w e r e ,  t h e r e f o r e ,  p r o b a b l y  t h r e e  
g e n u i n e  a to m s  a p a r t  f rom  t h o s e  shown i n  s t r u c t u r e  (V).
The p u r e l y  c r y s t a l l o g r a p h i c  e v i d e n c e  f o r  th e  g e n u i n e n e s s
* o  ci)
F i g .  V I 1 1 . The T h i r d  T hree  - d i m e r s  t o n a l  C o u r i e r  T°p,
S e c t i o n s  drawn p e rn e n d ?  o u l a r  to  th e  i>--<xis. 
Atoms an d  c h e m i c a l  f r a g m e n t s  r e f e r r e t  to 
i n  t e x t  a r e  m a r k e d  on  t h e  t r a c i n g  s h e e t .
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o f  a to m s  0 ( 7 ) ,  C ( 8 ) ,  and  0 ( 1 9 )  was g r e a t e r  t h a n  t h a t  
f o r  t h e  p r e s e n c e  o f  t h e  s e c o n d  f iv e -m e m b e re d  r i n g  ( E ) .
The e s s e n t i a l  c o r r e c t n e s s  o f  s t r u c t u r e  (V) was 
c o n f i r m e d  b y  c a l c u l a t i n g  some s t r u c t u r e  f a c t o r s  f o r  
t h e  O k !  zone o f  r e f l e x i o n s .  A l l  t h e  a toms i n  s t r u c t u r e  
(V) w ere  i n c l u d e d  i n  t h i s  c a l c u l a t i o n ,  and  t h e  d i s c r e p a n c y ,  
b e t w e e n  o b s e r v e d  an d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  showed
a  d r o p  o f  8 % c om pared  to  t h a t  f o r  t h e  c o r r e s p o n d i n g  
r e f l e x i o n s  i n  t h e  t h i r d  s t r u c t u r e  f a c t o r  c a l c u l a t i o n .
T h u s ,  a l t h o u g h  t h e  two r e m a i n i n g  a to m s ,  0 ( 1 4 )  and  0 ( 1 5 ) ,  
i n  r i n g  (E)  d i d  n o t  come up to  g r e a t  h e i g h t s  i n  t h e  
e l e c t r o n  d e n s i t y  map, t h e  s i t e s  were p r o b a b l y  o c c u p i e d  
b y  g e n u i n e  a to m s .  No o t h e r  a t t a c h m e n t  o f  t h e  b r o m in e  
a tom  to  t h e  s t r u c t u r e  c o u l d  be  e n v i s a g e d .
A t  t h i s  s t a g e  i n  t h e  a n a l y s i s ,  i t  was r e a l i s e d  
t h a t  many p r o b l e m s  c o u l d  be  s o l v e d  i f  t h e  m o l e c u l a r  
f o r m u l a  o f  c l e r o d i n  b r o m o l a c to n e  was no t  C21H37°7Br 
a s  h a d  h i t h e r t o  b e e n  a c c e p t e d .  An a c c u r a t e  d e n s i t y  
d e t e r m i n a t i o n  on  t h e  c r y s t a l s  o f  c l e r o d i n  b r o m o l a c to n e  
was c a r r i e d  o u t ,  and  i t  was r e a l i s e d  t h a t  t h e  m o l e c u l a r  
w e i g h t  o f  c l e r o d i n  b r o m o l a c t o n e  s h o u l d  be  a b o u t  5 2 8 ,  
w h ich  w o u ld  b e  c o n s i s t e n t  w i t h  a m o l e c u l a r  f o r m u l a  o f  
Co .Hr , 0 nB r  r a t h e r  t h a n  Cc1H J  Br. The c o r r e s p o n d i n g  
f o r m u l a  f o r  c l e r o d i n  would  be  C2 4 H3 4 O7  r a t h e r  t h a n  
g 21h 2 8 ° 6 ’ ana- C6m 13(3 a p p r e c i a t e d  t h a t  t h e s e  two
a l t e r n a t i v e  f o r m u l a e  would  g i v e  s i m i l a r  a n a l y t i c a l  
d a t a .  E x a m i n a t i o n  o f  v a r i o u s  c l e r o d i n  d e r i v a t i v e s ,  
s u p p l i e d  b y  P r o f e s s o r  B a r t o n ,  was c a r r i e d  o u t  b y  
Dr .  R. I . R e e d  o f  t h i s  d e p a r t m e n t ,  u s i n g  t h e  m ass  
s p e c t r o g r a p h .  The r e s u l t s  o b t a i n e d  were c o n s i s t e n t  
w i t h  t h e  C2 4 H3 4 O17 f o r m u l a  f o r  c l e r o d i n .
M e a n w h i l e ,  a  f o u r t h  s e t  o f  s t r u c t u r e  f a c t o r s  h ad  
b e e n  c a l c u l a t e d  an d  an  e l e c t r o n  d e n s i t y  map h a d  b e e n  
co m p u ted .  Twenty one  l i g h t  a toms ( C ( l ) ,  C ( 2 ) ,  C ( 3 ) ,  
0 ( 4 ) ,  0 ( 5 ) ,  0 ( 6 ) ,  0 ( 9 ) ,  0 ( 1 0 ) ,  C ( l l ) „  0 ( 1 2 ) ,  0 ( 1 3 ) ,  
0 ( 1 6 ) ,  0 ( 1 7 ) ,  0 ( 1 8 ) ,  0 ( 2 1 ) ,  0 ( 2 2 ) ,  0 ( l ) ,  0 ( 2 ) ,  0 ( 3 ) ,  
0 ( 5 ) ,  a n d  0 ( 6 )  ) were  i n c l u d e d  i n  t h e  c a l c u l a t i o n  and  
t h e  r e s u l t i n g  E - f a c t o r  was 40^o. More s t r i n g e n t  
r e q u i r e m e n t s  were  demanded b e f o r e  i n c l u d i n g  a  t e rm  i n  
t h e  F o u r i e r  s y n t h e s i s  t h a n  h ad  b e e n  t h e  c a s e  p r e v i o u s l y .  
T h i s  r e s u l t e d  i n  n i n e t y  e i g h t  r e f l e x i o n s  b e i n g  o m i t t e d  
f ro m  t h e  F o u r i e r  map, which  gave a much c l e a r e r  
r e p r e s e n t a t i o n  o f  t h e  s t r u c t u r e .
The a to m s  o f  t h e  s e c o n d  f iv e - rae m b e red  r i n g  (E)  h a d  
b e e n  o m i t t e d  f rom  t h e  c a l c u l a t i o n s ,  y e t  t h e  h e i g h t s  a t
t h e  s i t e s  o f  C ( l 4 ) ,  0 ( 1 5 ) ,  0 ( 7 )  and  0 ( 8 )  were 2 . 8 9 ,  2 . 6 3 ,
°34 . 6 0  an d  3 .9 5  e l e c t r o n s / A  r e s p e c t i v e l y .  T h i s  would  
a p p e a r  t o  b e  c o n c l u s i v e  p r o o f  o f  t h e  e x i s t e n c e  o f  t h e  
s e c o n d  five-mem.be r e d  r i n g .  A l l  t h e  o t h e r  a toms i n
s t r u c t u r e  (v) came up  to  h e i g h t s  g r e a t e r  t h a n  2.5 
e l e c t r o n s / S . 5 , w h i l e  t h e  t h r e e  a to m s ,  0 ( 7 ) ,  C( 8 ) and  
C ( l 9 ) ,  n o t  i n  t h a t  s t r u c t u r e  h u t  which  h a d  shown up 
i n  t h e  t h i r d  F o u r i e r  map were c l e a r l y  g e n u i n e .  T h i r t y  
one  o f  t h e  t h i r t y  two l i g h t  a toms h a d  t h e r e f o r e  b e e n  
i d e n t i f i e d .  The r e m a i n i n g  atom was m o s t  p r o b a b l y  
a t t a c h e d  t o  C ( 8 ) i n  a p o s i t i o n  CIS to  C ( l 9 ) ,  a l t h o u g h  
t h e r e  was some e v i d e n c e  f o r  t h e  o p p o s i t e  c o n f i g u r a t i o n  
a t  C ( 8 ) .
A f i f t h  c y c l e  o f  s t r u c t u r e  f a c t o r  and  F o u r i e r  
c a l c u l a t i o n s  i n c l u d i n g  t h i r t y  one l i g h t  a toms and  t h e  
b r o m i n e  a tom i n  t h e  p h a s i n g  c a l c u l a t i o n s  c l e a r l y  
r e v e a l e d  C (2 0 )  to  b e  i n  t h e  e q u a t o r i a l  p o s i t i o n  a t t a c h e d  
to  0 ( 8 )  a n d  h e n c e  CIS to  C ( l 9 )  on 0 ( 9 ) .  The d i s t i n c t i o n  
b e t w e e n  c a r b o n  an d  oxygen  a tom s c o u l d  be  c l e a r l y  drawn 
i n  a l l  c a s e s  e x c e p t  t h a t  o f  t h e  e p o x i d e  g roup  where  t h e  
c o n f i g u r a t i o n  r e m a i n e d  i n  d o u b t .  A p a r t  f rom  t h i s  p o i n t ,  
t h e  s t r u c t u r e  an d  r e l a t i v e  s t e r e o c h e m i s t r y  o f  c l e r o d i n  
b r o m o l a c t o n e  a r e  shown i n  ( V I ) .
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V. R e f in e m e n t  “by F o u r i e r  M e th o d s .
The d i s c r e p a n c y  a t  t h e  f i f t h  s t r u c t u r e  f a c t o r  
c a l c u l a t i o n  was 32$.  The p o s i t i o n s  o f  t h e  a tom s i n  
t h e  e p o x i d e  g r o u p  o b t a i n e d  f rom t h e  f i f t h  F o u r i e r  s y n t h e s i s  
gave  b o n d  l e n g t h s  w h ich  s u g g e s t e d  one c o n f i g u r a t i o n  w h i l e  
t h e  p e a k  h e i g h t s  i n  t h i s  map t e n d e d  to  i n d i c a t e  t h e  
o p p o s i t e  c o n f i g u r a t i o n .  A f t e r  two f u r t h e r  c y c l e s  o f  
s t r u c t u r e  f a c t o r  and  F o u r i e r  c a l c u l a t i o n s ,  t h e  R - f a c t o r  
was 2 9 $ , - b u t  t h e  a m b i g u i t y  c o n c e r n i n g  t h e  c o n f i g u r a t i o n  
o f  t h e  e p o x i d e  g r o u p  r e m a in e d .  At t h e  s e v e n t h  c y c l e  o f  
c a l c u l a t i o n s ,  a F o u r i e r  s y n t h e s i s  was a l s o  computed w i t h  
t h e  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a s  c o e f f i c i e n t s  and  t h e  
new c o - o r d i n a t e s  were fo u n d  b y  B o o th * s  • b a c k - s h i f t *  m e th o d .  
The t e m p e r a t u r e  f a c t o r s  o f  a l l  t h e  a toms were i n c r e a s e d  so 
t h a t  e a u a l e d  4 .  The n e x t  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  
gave  a r e d u c t i o n  o f  t h e  d i s c r e p a n c y  to  24$.
T h re e  f u r t h e r  c y c l e s  o f  r e f i n e m e n t  em p lo y in g  F0  and
Pc S b u r i e r  s y n t h e s e s  and  Booth* s * b a c k - s h i f t *  c o r r e c t i o n
r e d u c e d  t h e  R - f a c t o r  to  2 1 .5 $ . ,  The s t e r e o c h e m i s t r y  o f
t h e  e p o x i d e  g ro u p  s t i l l  r e m a i n e d  i n  d o u b t .  One o f  t h e
Pj3atoms comes up to a height o f  5 . 5 5  electrons/A  in the 
F0  sy n th es is  and to a height o f  5 . 3 4  electrons/51® in  
the Fc sy n th es is .  As both atoms were included in the
42.
c a l c u l a t i o n s  a s  c a r b o n  a to m s ,  i t  would seem t h a t  t h i s  
a tom i s  a  c a r b o n  a tom.  The o t h e r  atom h a s  a h e i g h t  o f  
6 . 5 2  e l e c t r o n s / ^  i n  t h e  F0  s y n t h e s i s  and a  h e i g h t  o f  
5 . 8 7  e l e c t r o n s / ^  -in t h e  Fc s y n t h e s i s ,  f rom w hich  
e v i d e n c e  i t  w ou ld  seem t h a t  t h i s  atom i s  an oxygen  a tom .  
C o n t r a r y  t o  t h i s ,  h o w e v e r ,  t h e  b ond  b e tw e e n  C(4)  and  t h e  
f i r s t  a tom  i s  1 . 4 8  X., and  t h a t  b e tw e e n  C(4)  and  t h e  
s e c o n d  a tom i s  1 . 5 2  X, w h e re a s  th e  d i s t a n c e  o f  a  C -  0 
s i n g l e  b o n d  s h o u l d  be  s l i g h t l y  s h o r t e r  t h a n  t h a t  o f  a 
C -  C s i n g l e  b o n d .  T h i s  anom aly  b e tw e e n  t h e  p e ak  
h e i g h t s  an d  b o n d  l e n g t h s  i n  t h e  e p o x id e  g ro u p  h a s  
p e r s i s t e d  t h r o u g h o u t  t h e  l a s t  f i v e  c y c l e s  o f  s t r u c t u r e  
f a c t o r  a n d  F o u r i e r  c a l c u l a t i o n s .  C hem ica l  e v i d e n c e
( B a r t o n ,  1961)  s u g g e s t s  t h a t  
t h e  c o n f i g u r a t i o n  o f  t h e  
e p o x id e  i s  t h a t  shown i n  
(VTI).  T h i s  s t e r e o c h e m i s t r y  
would  s u g g e s t  t h a t  t h e  e v i d e n c e  
o f  t h e  p e a k  h e i g h t s  i n  
a s s i g n i n g  t h e  n a t u r e  o f  t h e  
a tom s i s  more r e l i a b l e  t h a n  
t h a t  o f  t h e  b o n d  l e n g t h s .
OFIt
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V I . R e f i n e m e n t  By . b e a s t  S q u a r e s .
The p r o g r e s s  o f  t h e  r e f i n e m e n t  shown i n  T a b le  I I  
s u g g e s t s  t h a t  t h e  maximum e f f e c t i v e n e s s  o f  t h e  c o u r i e r  
m e t h o d  h a s  "been r e a c h e d .  The re  i s  e v i d e n c e  f rom t h e  
F o u r i e r  maps t h a t  t h e  "bromine atom h a s  a p r o n o u n c e d  
a n i s o t r o p i c  t h e r m a l  v i b r a t i o n  i n  t h e  y -  d i r e c t i o n .
Such t h e r m a l  m o t i o n  can  b e s t  be  t a k e n  i n t o  a c c o u n t  b y  
t h e  Deuce L e a s t  S q u a r e s  p ro g ram .
The d a t a  was n o t  c o n s i d e r e d  s u f f i c i e n t l y  good to  
p e r m i t  t h e  l o c a t i o n  o f  h y d ro g e n  a toms and t h e  c o n t r i b u t i o n  
o f  t h e s e  a tom s  xvas n o t  c o n s i d e r e d  a t  any  t im e  i n  t h e  
r e f i n e m e n t .  T h ree  c y c l e s  o f  l e a s t  s q u a r e s  r e f i n e m e n t  
w ere  u n d e r t a k e n  on a l l  t h e  o b s e r v e d  d a t a ,  e m p lo y in g  t h e  
f o l l o w i n g  w e i g h t i n g  scheme:
T h i s  r e d u c e d  ^  w Q , t h e  q u a n t i t y  b e i n g  m i n i m i s e d ,  f rom 
1572  to  872  an d  gave f o r  t h e  l i g h t  a toms an a v e r a g e  
s t a n d a r d  d e v i a t i o n  i n  a to m ic  p o s i t i o n  o f  0 . 0 3 4  %, The 
R - f a c t o r  c a l c u l a t e d  on t h e  o u t p u t  o f  t h e  t h i r d  c y c l e  o f  
l e a s t  s q u a r e s  was 17 .  ^o .  The l e n g t h s  o f  t h e  b o n d s  i n  
t h e  e p o x i d e  r i n g  r e m a in e d  a n o m alo u s .  A f u r t h e r  c y c l e  
o f  l e a s t  s q u a r e s  r e f i n e m e n t  was c a r r i e d  o u t  on th e
5 4 .0 0
i f | F 0| <  5 4 .0 0  
i f  | p oj $ 5 4 . 0 0 .andJ w( m )  =
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p o s i t i o n a l  a n d  t h e r m a l  p a r a m e t e r s ,  p r o d u c e d  "by th e  
t h i r d  c y c l e ,  u s i n g  a  d i f f e r e n t  w e i g h t i n g  scheme,  w h e re ,  i f
t h e  a v e r a g e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n  i n  t h e  p o s i t i o n a l
c a l c u l a t i n g  s t r u c t u r e  f a c t o r s  on th e  o u t p u t  o f  t h i s  
c a l c u l a t i o n  was 16 .0%. I n  t h e  c o u r s e  o f  t h e  f o u r  c y c l e s  
o f  l e a s t  s q u a r e s  r e f i n e m e n t  a l l  t h e  a toms were i n c l u d e d  
w i t h  a n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s ,  t h a t  f o r  b ro m in e  
b e i n g  v e r y  p r o n o u n c e d  i n  t h e  y -  d i r e c t i o n .
The b o n d  l e n g t h s  and  a n i s o t r o p i c  t e m p e r a t u r e  p a r a m e t e r s  
f o r  t h e  e p o x i d e  g ro u p  o b t a i n e d  f rom t h e  o u t p u t  f rom t h e  
f o u r t h  l e a s t  s q u a r e s  c y c l e  a r e  shown i n  T a b le  I I I .
T h r o u g h o u t  t h e  l e a s t  s q u a r e s  r e f i n e m e n t ,  t h e  atom 
w i t h  t h e  h i g h e r  p e a k  h e i g h t  i n  t h e  l a s t  F0  s y n t h e s i s ,  0 ( 1 ) ,  
h a s  b e e n  i n c l u d e d  a s  an oxygen  atom. The bond  l e n g t h s  
i n  t h e  e p o x i d e  g ro u p  r e m a in e d  an o m alo u s ,  a l t h o u g h  t h e  
t e m p e r a t u r e  p a r a m e t e r s  d i d  n o t  s u g g e s t  an i n c o r r e c t  
a s s i g n m e n t .
A d d i t i o n a l  e v i d e n c e  f o r  t h e  c o n f i g u r a t i o n  o f  t h e  
e p o x i d e  g r o u p  shown i n  ( V I I )  was p r o v i d e d  b y  s e c t i o n s
|F 0 | <  5 4 .0  , J  w(hkJt) = 1
an d  i f  | F 0 | ^  5 4 . 0  , /w(hfc£) =*
|F 0 ( l * e ) |
The v a l u e  o f  ^  w Q ^  p r o d u c e d  b y  t h i s  c y c l e  was 1240 and
p a r a m e t e r s  was 0 . 0 2 9  %. The R - f a c t o r  o b t a i n e d  b y
TABLE I I I .
Bond L e n g t h s .
C (4 )  -  0 ( 1 7 ) 1 . 4 7 3
0
A
0 ( 4 )  -  0 ( 1 ) 1 .4 9 9
0
A
0 ( 1 7 )  -  0 ( 1 ) to•f-l
0
A
A n i s o t r o p i c  T e m p e ra tu re  P a r a m e t e r s .
^11 ’b 2 2 ^33 b 1 2 ^13 1>23 (x lO 5)
0 ( 1 7 ) 938 1901 285 386 484 525
0 ( 1 ) 1270 2032 264 673 -4 4 206
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o f  t h r e e - d i m e n s i o n a l  d i f f e r e n c e  s y n t h e s e s  ( F i g . I X )  an d  
b y  t e m p e r a t u r e  f a c t o r s  r e s u l t i n g  f rom  f u r t h e r  l e a s t  
s q u a r e s  r e f i n e m e n t  i n  w h ic h  0 ( 1 7 )  and  0 ( 1 )  were w e i g h t e d  
( i )  a s  c a r b o n  a n d  o x y g en  a tom s  r e s p e c t i v e l y ,
^ i i )  a s  o x y g e n  and  c a r b o n  a tom s  r e s p e c t i v e l y ,  and 
( i i i )  w i t h  b o t h  a tom s  a s  c a r b o n  a tom s.
TABLE IV.
A n i s o t r o p i c  The rm al  P a r a m e t e r s  ( b i j  x  1 0 ^ )  f o r  a tom C ( l 7 )  
a n d  0 ( l )  o f  t h e  e p o x i d e  r i n g .  These p a r a m e t e r s  d e r i v e  
f ro m  t h e  l e a s t  s q u a r e s  p r o c e d u r e s .
( i )  0 ( 1 7 )  w e i g h t e d  a s  c a r b o n  and  0 ( l )  a s  o x y g en .
( i i )  C ( l 7 )  w e i g h t e d  a s  o x y g e n  an d  0 ( 1 )  a s  c a r b o n .
( i i i )  C (17)  w e i g h t e d  a s  c a r b o n  and  0 ( 1 )  a s  c a r b o n .
^ l l b 2 2 b 33 b 1 2 b 23 b 15
( i ) 1323 2466 330 385 1236 472
0 ( 1 7 ) ( i i ) 3630 3364 654 1249 1229 1146
( i i i ) 2800 2081 405 1672 1425 1307
( i ) 697 3910 259 1356 214 -401
0 ( 1 ) ( i i ) -9 2 8 2401 55 588 - 3 6 -3 9 0
( i i i ) - 7 5 8 2358 18 1128 169 - 2 4 6
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T h re e  c y c l e s  o f  l e a s t  s q u a r e s  were p e r f o r m e d  w i t h  
e a c h  o f  t h e  above  a s s i g n m e n t s ;  t h e  p o s i t i o n a l  an d  a n i s o ­
t r o p i c  t h e r m a l  v i b r a t i o n s  o f  t h e  o t h e r  a tom s  were  n o t  
r e f i n e d .  W ith  C ( l 7 )  w e i g h t e d  a s  a c a r b o n  atom an d  0 ( l )  
a s  a n  o x y g e n  a to m ,  t h e  R- f a c t o r  was r e d u c e d  to  15.7%, 
t h e  f i n a l  v a l u e  o f  ^  w Q 2  b e i n g  6 8 8 . The t e m p e r a t u r e  
f a c t o r s  p r o d u c e d  f o r  t h e  two a tom s  were a c c e p t a b l e .
S e c t i o n s  o f  a  d i f f e r e n c e  s y n t h e s i s  ( F i g .  I X ( i ) ) c a l c u l a t e d  
o n  t h e  s t r u c t u r e  f a c t o r s  o b t a i n e d  w i t h  t h e  l a t e s t  s e t  o f  
c o - o r d i n a t e s  showed t h a t  b o t h  a tom s l a y  i n  n e g a t i v e
P 8r e g i o n s  o f  t h e  map,  0 ( 1 7 )  a t  a  v a l u e  o f  - 0 . 3 2  e l e c t r o n s / A
O rz
a n d  0 ( l )  a t  a v a l u e  o f  - 0 . 5 4  e l e c t r o n s / A  .
W ith  0 ( 1 7 )  w e i g h t e d  a s  ox y g en  an d  0 ( 1 ) a s  c a r b o n ,  
a  s i m i l a r  p r o c e d u r e  was f o l l o w e d .  The R - f a c t o r  was n o t  
r e d u c e d  b e l o w  17.1% and  t h e  f i n a l  v a l u e  o f  £  w Q ^  was 832 .
The t e m p e r a t u r e  f a c t o r s  showed e x t r e m e l y  h i g h  v a l u e s  f o r  
0 ( 1 7 )  a n d  lo w  v a l u e s  ( e v e n  n e g a t i v e  o n e s )  f o r  0 ( 1 ) ,  
s u g g e s t i n g  t h a t  t h e  a s s i g n m e n t  o f  c h e m ic a l  t y p e  i s  i n c o r r e c t .  
D i f f e r e n c e  maps ( F i g . I X ( i i ) )  t h r o u g h  t h e  two a tom s showed 
t h a t  C ( l 7 ) was l y i n g  i n  a n e g a t i v e  r e g i o n  o f  t h e  map 
( ^ o  “  ^  c = - 1 - 1 2  e l e c t r o n s / i 3 ) w h e r e a s  0 ( l )  l a y  i n  a 
p o s i t i v e  r e g i o n  (^> o -^ > c  = + 0 . 3 2  e l e c t r o n s / A ^ ) .
F i n a l l y ,  when b o t h  a tom s were i n c l u d e d  a s  c a r b o n  
a t o m s ,  t h e  R - f a c t o r  was n o t  r e d u c e d  b e lo w  16.6% and  
t h e  f i n a l  v a l u e  o f  £  w'Q 2  was 736.  The t e m p e r a t u r e
4 7 .
f a c t o r  o u t p u t  showed s m a l l e r  v a l u e s  f o r  0 ( 1 7 )  t h a n  i n
( i i )  h u t  t h e  v a l u e s  f o r  0 ( l )  were s t i l l  v e r y  s m a l l  and
t> l i  was n e g a t i v e .  The d i f f e r e n c e  maps ( F i g . I X (  i i i ) )
t h r o u g h  t h e  two a to m s  showed t h a t  0 ( 1 7 )  l a y  i n  a
o 2
- 0 . 5 4  e l e c t r o n s / A  ) w h i l e  
0 ( 1 ) was i n  a  s i m i l a r  p o s i t i o n  to  t h e  one i t  h ad  h e e n  
i n  ( i i ) .
Th e se  r e s u l t s  a l l  t e n d  to  i n d i c a t e  t h a t  0 ( 1 )  i s  
i n d e e d  t h e  o x y g e n  a to m ,  an d  0 ( 1 7 )  i s  t h e  c a r b o n  atom 
o f  t h e  e p o x i d e  g r o u p  a n d  t h a t  t h e  c o n f i g u r a t i o n  o f  
t h e  e p o x i d e  g r o u p  i s  t h a t  shown i n  ( V I l ) .
n e g a t i v e  r e g i o n  ( D o
4 8 .
V I I .  A b s o l u t e  C o n f i g u r a t i o n .
The i n t e n s i t i e s  o f  t h e  ( lk j£)  zone o f  r e f l e x i o n s  
w ere  e x a m in e d  f o r  e v i d e n c e  o f  anom alous  d i s p e r s i o n ,  
d i f f e r e n c e s  b e i n g  o b s e r v e d  i n  t h e  c a s e s  o f  s i x  r e f l e x i o n s  
w h ic h  s h o u l d  h a v e  h a d  e q u a l  i n t e n s i t y  i n  t h e  a b s e n c e  o f  
a n o m a lo u s  s c a t t e r i n g .  ( T a b l e  v).  By c a r e f u l  a t t e n t i o n  
t o  t h e  g e o m e t r i c  a s p e c t s  o f  r e c o r d i n g  t h e  i n t e n s i t i e s  
a n d  o n  t h e  b a s i s  o f  a r i g h t - h a n d e d  c o - o r d i n a t e  s y s t e m ,  
t h e  i n d e x i n g  i s  a s  shown i n  F i g . ( X ) .  With  t h e  c o - o r d i n a t e  
s y s t e m  d e f i n e d ,  t h e  e n a n t i o m o r p h  p r e s e n t  can  b e  fo u n d  
b y  c a l c u l a t i n g  t h e  | F ( h k ^ ) | 2  an d  | F ( h k £ ) | 2  v a l u e s  on 
t h e  b a s i s  o f  an o m a lo u s  s c a t t e r i n g  b y  t h e  b r o m in e  a tom .
I f  t h e  c a l c u l a t e d  v a l u e s  o f  | f ( 2  s o  o b t a i n e d  s u p p o r t  t h e  
o b s e r v e d  d i f f e r e n c e s  i n  i n t e n s i t y ,  t h e  e n a n t i o m o r p h  u s e d  
f o r  t h e  c a l c u l a t i o n  i s  t h e  fo rm  a c t u a l l y  p r e s e n t  i n  t h e  
c r y s t a l .  On t h e  o t h e r  h a n d ,  i f  t h e  c a l c u l a t e d  v a l u e s  
o f  | f | 2  a r e  i n  t h e  o p p o s i t e  s e n s e  t o  t h e  o b s e r v e d  
i n t e n s i t i e s ,  t h e  m i r r o r  image o f  t h e  fo rm  u s e d  i n  t h e  
c a l c u l a t i o n s  i s  t h e  t r u e  e n a n t i o m o r p h .  The c a l c u l a t i o n s  
c a r r i e d  o u t  u n t i l  now h av e  a l l  b e e n  on  th e  e n a n t i o m o r p h  
shown i n  ( V I I I  ( a ) ) .  The r e s u l t s  o b t a i n e d  i n  T a b le  V, 
w i t h  one  e x c e p t i o n ,  c o n t r a d i c t  t h e  o b s e r v e d  v a l u e s  s u g g e s t ­
i n g  t h a t  t h e  a b s o l u t e  c o n f i g u r a t i o n  i s  t h a t  shown i n ( V I I l ( b ) ) .
The on e  e x c e p t i o n  i s  t h e  1 ,  2 ,  18 r e f l e x i o n .  The
49.
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(a) (t>)
( V I I I )
d i f f e r e n c e  "between t h e  c a l c u l a t e d  v a l u e s  o f  
a n d  | p ( h E { ) |  ^  i s  s m a l l  and  t h e  e r r o r  i s  a l m o s t  c e r t a i n l y  
due to  t h e  p o o r  a g r e e m e n t  "between j P 0 | a n d  j ^ c |  ^o r  "this  
r e f l e x i o n  ( T a b l e  X I I I ) .  T h i s  h i g h  d i s c r e p a n c y  (50%) 
c o u l d  w e l l  r e s u l t  i n  e r r o r s  i n  AQ an d  3Q due to  t h e  
u n c e r t a i n t y  i n  t h e  p h a s e .  I n c o r r e c t  AQ and  BQ v a l u e s  
c o u l d  r e s u l t  i n  e r r o r s  i n  t h e  |F (h k @ ) j  and  |F (h k J . )  |  f o r  
t h i s  r e f l e x i o n .  The f u l l  c a l c u l a t i o n  i s  shown i n  
T a b le  V.
N e g a t i v e  P r i n t  o f  X - r a y  Moving F i lm  P h o t o g r a p h  
o f  1KL z o n e .  The i n d e x i n g  i s  a s  shown on 
t r a c i n g  s h e e t ,  and  t h e  r e f l e x i o n s  m arked  a r e  
t h o s e  on w h ich  t h e  d e t e r m i n a t i o n  o f  a b s o l u t e  
c o n f i g u r a t i o n  was b a s e d .
FIG-, X.
N e g a t i v e  P r i n t  o f  X - r a y  Moving F i lm  P h o t o g r a p h  
o f  1KL zo n e .  The i n d e x i n g  i s  a s  shown on 
t r a c i n g  s h e e t ,  and  t h e  r e f l e x i o n s  m arked  a r e  
t h o s e  on w h ich  t h e  d e t e r m i n a t i o n  o f  a b s o l u t e  
c o n f i g u r a t i o n  was b a s e d .
50 .
TABLE V.
C a l c u l a t i o n  o f  t h e  v a l u e s  o f  |p (h k jJ ) |  Sand  | p ( h k ( ) | S 
£ f l f f = - 0 . 9 ;  Q f ” = 1 . 5 .  Dauben and T e m p le to n ,  ( 1 9 5 5 )]  .
G e o m e t r i c  P a r t  R ea l  P a r t  o f  I m a g i n a r y  P a r t  
R e f l e x i o n  0 f  B r .  C o r r e c t i o n  o f
 ________  C o n t r i b u t i o n _______________________ C o r r e c t i o n .
1 1 17 - 2 . 0 9 + i 0 . 6 3 + 0 .1 8 + i 0 .0 5 0  • 09 - i 0 . 2 9
1 1 19 + 1 . 5 2 + i 2  • 2 2 - 0 . 1 5 + i 0  • 2 2 tO .  37 + i 0 . 2 5
1 1 24 7 1 . 4 9+ + i 2 .1 8 1 0 . 26 - i 0 . 3 8 - 0 . 6 2 + i 0 . 4 2
1 2 13 ± 1 . 5 8 - i 1 . 0 1 + 0 .0 9 + i 0 . 0 6 + 0 . 1 0 i 0 . 1 6
1 2 18 + 1 . 4 1 + i 1 . 0 0 - 0 . 1 3 + i 0 .0 9 ± 0 . 1 6 + i 0  • 2 2
1 2 23 ± 0 . 9 8 - i 1 . 1 6 ^ 0 . 1 6 + i 0 .1 9 + 0 .5 S + i 0 . 2 7
Ao + B0 4 Ao + B0 R e a l  c o r r n . A0 +iB0 ( h k O A0 +iB0 ( h k t )
+ 2 . 28 7  16.88 + 2 . 4 6 + i 6 . 9 3 + 2 . 3 7 - i 7 .  22 + 2 . 5 5 + i6 . 64
+ 2 . 76 t  19.4-8 + 2 . 6 1 ± i 9 . 7 0 + 2 . 9 8 + i 9 . 9 5 + 2. 2 4 - i 9 . 45
± 2 . 16 + i 6 . 8 4 ± 2 . 4 2 + 1 6 . 4 6 + 1 .8 0 + 1 6 .0 4 —3 .0 4 + i 6• 8 8
t i l . 2 0  -  i l . 0 0 ± U . l l - i 0 . 9 4 + H . 2 1 - i O . 78 - U . 0 1 - i l . 1 0
+ 7 . 08 7  ilO.08 + 6 . 9 5 7 i 9 .9 9 + 7 . 1 1 - 1 9 . 7 7 + 6 .97+110 . 2 1
+ 0 . 16 -  i 7 . 32 + 0 . 3 2 - 1 7 . 1 3 0  - i 6 . 91 + 0 . 6 4 - i 7 . 40
F2 ( h k O F2 ( h k ( ) I n t e n s i t y ( o h s .  )
5 7 . 8 5 0 . 6 l ( l , l , 1 7 )  < 1 ( 1 , 1 , 1 7 )
1 0 7 . 9 9 4 . 3 1 ( 1 , 1 , 1 9 ) < 1 ( 1 , 1 , 1 9 )
3 9 . 7 5 6 . 6 1 ( 1 , 1 , 2 4 ) > 1 ( 1 , 1 , 2 4 )
1 2 6 . 3 1 2 2 . 4 1 ( 1 , 2 , 1 3 ) < 1 ( 1 , 2 , 1 3 )
1 4 6 . 0 1 5 0 .3 1 ( 1 , 2 , 1 8 )  < 1 ( 1 , 2 , 1 8 )
4 7 . 7 5 5 .1 1 ( 1 , 2 , 2 3 ) > 1 ( 1 , 2 , 2 3 )
R e s u l t s  a n d  C o n c l u s i o n s .
The s t r u c t u r e s  o f  c l e r o d i n  b r o m o l a c t o n e  an d  c l e r o d i n  
a r e  shown i n  ( I X  ( a )  a n d  (b))l Both, c y c l o h e x a n e  r i n g s  
o f  t h e  t r a n s - d e c a l i n  s y s t e m  h a v e  t h e  c h a i r  c o n f o r m a t i o n .
ff—
20
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20
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OH
( c )
The 1 9 - m e t h y l  g ro u p  i s  a x i a l  and  t h e  2 0 - m e th y l  g ro u p  
i s  e q u a t o r i a l .  The 6 - a c e t o x y  s u b s t i t u e n t  i s  e q u a t o r i a l .
F ig .X I. Superimposed Contour Sections o f  the f in a l  
three-dimensional Fourier map, covering the 
region o f  one molecule. The sections are drawn 
p a r a lle l  too (0 0 l ) .  Contours ore drawn at 
1 electron/A^ in te r v a ls ,  with the 1 electron/,a':' 
contour omitted. For the, bromine atom, the 
l e v e l s  are at 5 electron/8.^ in te rv a ls .
0 (5 )
<Xz]
0 i ^ \  C (2 l)
F i g . X I I . E x p l a n a t o r y  D iagram  f o r  F i g . X I ,  i l l u s t r a t i n g  
t h e  a to m ic  a r r a n g e m e n t .  The a toms a r e  m ark ed  
on t h e  f i g u r e ,  e x c e p t  i n  t h e  c a s e  o f  C ( 9 ) ,  
C ( l 7 ) ,  an d  0 ( l ) ,  w h ich  a r e  h i d d e n .
The f i n a l  t h r e e - d i m e n s i o n a l  e l e c t r o n  d e n s i t y  map i s  
shown i n  F i g .  XI a s  s u p e r i m p o s e d  c o n t o u r  s e c t i o n s  
d rawn p a r a l l e l  t o  ^ 0 , 0 , l )  and  c o v e r i n g  t h e  r e g i o n  o f  
one  m o l e c u l e .  ( T h i s  d r a w i n g  c o r r e s p o n d s  t o  t h e  c o r r e c t  
a b s o l u t e  c o n f i g u r a t i o n . )  The c o r r e s p o n d i n g  a to m ic  
a r r a n g e m e n t  i s  i l l u s t r a t e d  i n  F i g . X I I .
The a b s o l u t e  c o n f i g u r a t i o n  o f  c l e r o d i n  c o n fo rm s  
t o  t h a t  e x p e c t e d  f ro m  t h e  t h e o r y  o f  b i o g e n e s i s  a s  
a p p l i e d  to  d i t e r p e n e s .  The b a s i c  s k e l e t o n  ca n  b e  
o b t a i n e d  b y  c l o s u r e  o f  t h e  c h a i n  c o n t a i n i n g  f o u r  
i s o p r e n e  u n i t s ,  l i n k e d  i n  t h e  no rm a l  ' h e a d  to  t a i l 1 
m a n n e r  ( X ) .  The r e l a t i v e  s t e r e o c h e m i s t r y  a t  C ( 5 ) ,
C ( 8 ) ,  C ( 9 ) an d  C(10)  can  t h e n  b e  e x p l a i n e d  b y  t h e  
o c c u r r e n c e  o f  a  s e r i e s  o f  l : 2 - d i a x i a l  s h i f t s  (X I)  an d  
( X I I ) .  The f o r m a t i o n  o f  t h e  two f u s e d  h y d r o f u r a n  r i n g s  
may t a k e  p l a c e  b y  way o f  a l l y l i c  o x i d a t i o n  o f  0 ( 1 1 ) , .  
0 ( 1 5 )  a n d  0 ( 1 6 )  to  fo rm  (XEV). The a t t a c k  o f  t h e  
( -OR) g r o u p i n g  a t  0 ( 6 )  would  t h e n  b e  e x p e c t e d  to  o c c u r  
f ro m  t h e  l e a s t  h i n d e r e d  s i d e .  T h a t  t h i s  d o es  o c c u r  
may b e  a p p r e c i a t e d  f rom  F ig .X I V ,  where  a t t a c k  f rom an  
a x i a l  p o s i t i o n  w ould  i n v o l v e  i n t e r a c t i o n  w i t h  t h e  
e p o x i d e  a n d  f u r a n  r i n g  s y s t e m s .  The s t e r e o c h e m i s t r y  
o f  a n o t h e r  d i t e r p e n e ,  c o lu m b in  ( l X ( c ) )  ( O v e r t o n ,  W eir  
a n d  W y l i e ,  1 9 6 1 )  w ould  s u g g e s t  t h a t  t h e  b i o g e n e s i s  
o f  c o lu m b in  m u s t  d i f f e r  f rom t h a t  o f  c l e r o d i n .
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The f i n a l  a to m ic  c o - o r d i n a t e s  o b t a i n e d  f rom  t h e  
f o u r t h  l e a s t  s q u a r e s  c y c l e  a r e  shown i n  T a b le  V I ,  
w h i l e  t h e  s t a n d a r d  d e v i a t i o n s  i n  a to m ic  p o s i t i o n s  
c a l c u l a t e d  f ro m  t h e  l e a s t  s q u a r e s  o u t p u t  a r e  l i s t e d  
i n  T a b le  V I I .  These  a to m ic  c o - o r d i n a t e s  r e f e r  t o  t h e  
o p p o s i t e  e n a n t i o m o r p h  to  t h a t  now known to  r e p r e s e n t  
t h e  a b s o l u t e  c o n f i g u r a t i o n  o f  c l e r o d i n  b r o m o l a c t o n e .  
The i n t e r a t o m i c  b o n d  l e n g t h s  a r e  l i s t e d  i n  T a b le  V I I I ,  
w h i l e  t h e  i n t e r b o n d  a n g l e s  a r e  g i v e n  i n  T a b le  IX.
The s t a n d a r d  d e v i a t i o n ,  C r (A -B ) ,  o f  a b o n d  b e t w e e n  
a to m s  (A) a n d  (B) i s  g i v e n  b y  t h e  f o r m u l a ,
w here  or (A) and  CT(b) a r e  t h e  s t a n d a r d  d e v i a t i o n s  i n  
c o - o r d i n a t e s  o f  t h e  a tom s  (A) and  ( B ) .  The s t a n d a r d  
d e v i a t i o n ,  Cr(f3 ) i n  r a d i a n s ,  f o r  an  a n g l e  ( p  ) fo rm ed  
a t  a tom  (B) b y  t h e  a tom s  (A) and  (C) i s  g i v e n  b y  t h e  
f o r m u l a ,
cr  ( a - b ) s  = ( crA2 + <rB2 )
+ (BC)8
The a v e r a g e  s t a n d a r d  d e v i a t i o n  f o r  a C-C s i n g l e  b ond  
i s  0 . 0 4  A, w h i l e  t h a t  f o r  a t y p i c a l  t e t r a h e d r a l  a n g l e
5 5 .
o
i s  2 . 1 ° .  The a v e r a g e  C-C s i n g l e  "bond i s  1 . 5 6  A, n o t
d i f f e r i n g  s i g n i f i c a n t l y  f rom  t h e  v a l u e  o f  1 .5 4 5  % i n
d iam o n d .  The C-0 s i n g l e  b o n d s ,  a d j a c e n t  to  a  C=0
d o u b l e  b o n d  a s  i n  (XVT ( a ) ) ,  have  a  mean l e n g t h  o f  
o
1 . 5 4 4  A w h e r e a s  t h e  o t h e r  0 -0  s i n g l e  b o n d s  h av e  a
o
mean l e n g t h  o f  1 . 4 6 9  A. T h i s  d i f f e r e n c e  w ould  seem 
t o  i n d i c a t e  t h a t  i n  l a c t o n e  and  e s t e r  g r o u p s ,  a s  i n  
c a r b o x y l i c  a c i d s ,  t h e  r e s o n a n c e  s t r u c t u r e  shown i n  
(XVIOd) )  m akes  an  i m p o r t a n t  c o n t r i b u t i o n .  The a v e r a g e
C-0 b ond  l e n g t h  i n  t h e  
e p o x i d e  g roup  i s  1 . 4 9  %, 
d i f f e r i n g  o n l y  s l i g h t l y  
f rom  t h e  v a l u e s  fo u n d  i n  
e t h y l e n e  o x i d e  (Cunningham, 
o  A -- Boyd,  M y e rs ,  Gwmn,  and
Le Van, 1951)  and c y c l o -
( a )
(XVT)
a ) p e n t e n e  o x i d e  ( E r l a n d s s o n ,
o o
1955)  o f  1 . 4 4  A and  1 . 4 7  A
r e s p e c t i v e l y .  The C-Br d i s t a n c e  o f  2 .0 6  A i s  somewhat 
g r e a t e r  t h a n  t h e  v a l u e  o f  1 . 9 4  & o b t a i n e d  i n  t h e  a l k y l  
b r o m i d e s  ( S u t t o n  e t  a l . ,  1 9 5 8 ) .  T h i s  d i f f e r e n c e  may 
w e l l  b e  due t o  i n a c c u r a c i e s  i n  t h e  p o s i t i o n i n g  o f  C ( l 4 )  
o w in g  to  t h e  c l o s e  p r o x i m i t y  o f  t h e  b ro m in e  atom and 
t h e  p r e s e n c e  o f  t h e  a s s o c i a t e d  d i f f r a c t i o n  e f f e c t s .
The a v e r a g e  b o n d  a n g l e  i n  t h e  d e c a l i n  s y s t e m  i s  
1 0 9 ° 4 4 T c o m p a r in g  w e l l  w i t h  t h e  v a l u e  f o r  a t e t r a h e d r a l  
a n g l e  o f  1 0 9 ° 2 8 1 . I n  t h e  f iv e -m e m b e r e d  r i n g  c o m p r i s i n g  
C ( l l ) ,  C ( l 2 ) ,  0 ( 1 3 ) ,  C ( l 6 ) ,  an d  0 ( 6 ) ,  t h e  a v e r a g e  b o n d  
a n g l e  i s  1 0 5 ° ,  s i g n i f i c a n t l y  l o w e r  t h a n  e x p e c t e d .
Some i m p o r t a n t  i n t r a m o l e c u l a r  c o n t a c t s  a r e  shown
i n  T a b le  X. The d i s t a n c e s  a c r o s s  t h e  c y c l o h e x a n e  r i n g s
o , x
a r e  on  t h e  a v e r a g e  3 . 0 0  A. The d i s t a n c e  b e tw e e n  0 ( 1 8 )
/ s 0a n d  0 ( 1 9 )  i s  3 . 0 1  A, l o n g e r  t h a n  would  b e  e x p e c t e d  f rom
a  m o d e l  a n d  i n d i c a t e s  c o n s i d e r a b l e  f o r c e s  p u s h i n g  t h e s e
a to m s  a p a r t .
The p a c k i n g  o f  m o l e c u l e s  o v e r  two f u l l  u n i t  c e l l s
v i e w e d  i n  p r o j e c t i o n  down t h e  a -  and b -  a x e s  i s  shown
i n  P i g s .  X I I I  a n d  XIV r e s p e c t i v e l y  b y  means o f  l i n e
d r a w i n g s  o f  t h e  m o l e c u l a r  f ram ew o rk .  Any i n t e r m o l e c u l a r
c o n t a c t s  l e s s  t h a n  4  2. a r e  l i s t e d  i n  T a b le  XI ,  t h e
s h o r t e s t  c o n t a c t  b e i n g  b e t w e e n  0 ( 1 8 )  and  0 ( 7 )  a t  a
d i s t a n c e  o f  3 .1 1  SL, w h ile  th e  s h o r t e s t  in te rm o le  c u l a r
o
c o n t a c t  b e t w e e n  two c a r b o n  a to m s  i s  t h a t  o f  3 .5 8  A
b e t w e e n  C (1 5 )  . . . .  0 ( 2 2 ) .
The f i n a l  a n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  a r e  l i s t e d
i n  T a b le  X I I .  These  p a r a m e t e r s  a r e  t h e  v a l u e s  o f  bj_-j
i n  t h e  e q u a t i o n :  9
9x - ( b ; L1h '+  b S2k  + b 33t  + b l s hk 
2 ) =  2
+ b-^gh.4 +
exp(-B ^v sin2&/\
2b
O 1 2 3 *
F i g . X I I I . Line drawings o f  the molecular 
framework projected down the 
a - a x i s .
O  1  2  3  4  S  A
L 1 I I 1 I
Pig.XIV. Line drawings o f  the molecular framework 
projected  down the h -a x is .
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I n  g e n e r a l ,  t h e s e  p a r a m e t e r s  show a m ark ed  t e n d e n c y  f o r  
t h e  m o l e c u l e  t o  v i h r a t e  i n  a  d i r e c t i o n  p a r a l l e l  t o  t h e  
h - a x i s .
The f i n a l  v a l u e s  o f  | P 0 l> I f j j U  a^ d  o C ( h k t ) ,  g i v i n g  
a  d i s c r e p a n c y  o f  16$ a r e  l i s t e d  i n  T a h le  X I I I .  The 
v a l u e s  o f  | PQ| a n d | p c ( a r e  ro u n d e d  o f f  a s  i n t e g e r s .
An e l e c t r o n  d e n s i t y  p r o j e c t i o n  dov/n t h e  a - a x i s  was 
c a l c u l a t e d  f ro m  t h e  f i n a l  s t r u c t u r e  f a c t o r  o u t p u t ,  and  
i s  shown i n  P ig .X V  w i t h  t h e  s i t e s  o f  a tom s m ark ed  on  i t .  
T h i s  map i n d i c a t e s  how d i f f i c u l t  i t  would  he  t o  s o l v e  a 
s t r u c t u r e  o f  t h i s  t y p e  i n  p r o j e c t i o n ,  a s  v e r y  few o f  t h e  
l i g h t  a to m s  a r e  r e s o l v e d .
I n  r e t r o s p e c t ,  a t h r e e - d i m e n s i o n a l  s u p e r im p o s e d  
c o n t o u r  map w i t h  s e c t i o n s  p a r a l l e l  to  ( o , l , o ) w a s  drawn 
o v e r  t h e  a tom s  i n  t h e  m o l e c u l e  f rom  t h e  f i r s t  P o u r i e r  
map.  T h i s  i s  shown i n  P i g .  XVT. The p e a k  h e i g h t s  o f
a l l  t h e  a to m s  on  t h i s  P o u r i e r  map a r e  g i v e n  i n  T a h le  XIV. 
T h e re  was no p e a k  c o r r e s p o n d i n g  to  t h e  p o s i t i o n  o f  C ( l 4 )  
o n  t h e  f i r s t  P o u r i e r  map, h u t  t h e r e  was a ! d i f f r a c t i o n  
r i p p l e 1 h a v i n g  s i m i l a r  y -  and  c o - o r d i n a t e s  to  t h o s e  
o f  t h e  h r o m in e  atom a n d  v e r y  n e a r  to  t h e  p o s i t i o n  where 
C (14)  was l a t e r  l o c a t e d .  The 1 t rough*  c a u s e d  h y  t h i s  
d i f f r a c t i o n  e f f e c t  may w e l l  h a v e  r e d u c e d  t h e  g e n u in e  
p e a k  h e i g h t  due to  C ( 1 4 ) .  I f  t h i s  atom c o u l d  have  h e e n
oFig,XV. Electron d ensity  projection  down the e -a x is .
The atom s i t e s  are marked hy crosses . The 
contour le v e l s  are drawn at 2 electrons/A^  
in te r v a ls ,  the lowest contour representing  
2 e lec tro n s /^ ?  Around the bromine atom, 
the contours are drawn at 4 electrons/& 2  
in te r v a ls .
Fig .X V T. The f i r s t  t h r e e - d i m e n s i o n a l  map, w i t h  t h e  
p e a k s  r e p r e s e n t i n g  t h e  v a r i o u s  a toms shown 
on  s u p e r i m p o s e d  c o n t o u r  s e c t i o n s  p a r a l l e l  
t o  ( 0 1 0 ) .  TheQc o n t o u r s  a r e  drawn a t  l e v e l s  
o f  1 e l e c t r o n / A 3 up  t o  5 e l e c t r o n s / A  . and 
t h e r e a f t e r  a t  l e v e l s  o f  0 . 5  e l e c t r o n / A  .
The z e r o  c o n t o u r  i s  o m i t t e d .
i d e n t i f i e d  a t  an  e a r l i e r  s t a g e  i n  t h e  a n a l y s i s ,  t h e  
s o l u t i o n  o f  t h e  s t r u c t u r e  c o u l d  w e l l  have  "been a c h i e v e d  
much e a r l i e r .  T h i s  e f f e c t  may a l s o  a c c o u n t  f o r  t h e  
s u r p r i s i n g  f i n a l  p o s i t i o n  o f  C (14)  c a u s i n g  s l i g h t l y  
a n o m a lo u s  m o l e c u l a r  d i m e n s i o n s  i n  t h a t  r e g i o n  o f  t h e  
m o l e c u l e .  Such l o s s  o f  g e n u in e  d e t a i l  c a n  o f t e n  o c c u r  
i n  t h e  r e g i o n  o f  a h e a v y  a tom ,  and  s u p p o r t s  t h e  v ie w  
t h a t  h e a v y  a to m s  w h ich  a r e  i o n i c  i n  n a t u r e ,  e . g .  a s  i n  
t h e  a l k a l o i d s ,  a r e  more s u i t a b l e  f o r  s t r u c t u r e  
d e t e r m i n a t i o n .  The sums o f  th e  i o n i c  r a d i i  o f  
a n i o n  an d  c a t i o n  a r e  t h e n  u s u a l l y  s u f f i c i e n t  to  k e e p  
t h e  h e a v y  atom a t  s u c h  a d i s t a n c e  t h a t  t h e  d i f f r a c t i o n  
e f f e c t s  do n o t  a f f e c t  t h e  s t r u c t u r e  to  so g r e a t  an 
e x t e n t .
D u r i n g  t h e  c o u r s e  o f  t h e  a n a l y s i s ,  t h e  s c a t t e r i n g  
c u r v e s  o f  B e r g h u i s  e t  a l  ( 1 9 5 5 )  were u s e d  f o r  c a r b o n  
a n d  o x y g e n  a to m s ,  ,w h i l e  t h a t  u s e d  f o r  b ro m in e  was t h e  
T hom as-Fe rm i  c u r v e  ( I n t e r n a t i o n a l e  T a b e l l e n ,  1 9 3 5 ) .
No c o r r e c t i o n  f o r  an o m a lo u s  d i s p e r s i o n  was made.
B a r t o n ,  Cheung ,  C r o s s ,  Jackm an and  M a r t i n - S m i t h  
( 1 9 6 1 )  h a v e  p u b l i s h e d  t h e  r e s u l t s  o f  t h e i r  c h e m ic a l  
work  o n  c l e r o d i n  b e f o r e  and  a f t e r  t h e  e l u c i d a t i o n  
o f  t h e  s t r u c t u r e .
TABLE VI. 
Atomic Co-ordinates.
Va V b V c
0 ( 1 ) - 0 . 2 3 4 0 - 0 .4 8 3 0 0 . 1 0 4 6
0 ( 2 ) - 0 . 2 2 0 5 - 0 .6 0 4 7 0 .1 4 8 5
0 ( 3 ) - 0 . 3 4 5 9 - 0 . 6 8 2 7 0 .1 4 8 0
0 ( 4 ) - 0 . 4 5 5 1 - 0 .5 7 8 8 0 .1 6 9 4
0 ( 5 ) - 0 . 4 7 1 2 - 0 .4 5 6 5 0 .1 2 4 3
0 ( 6 ) - 0 . 5 7 8 2 - 0 .3 5 9 1 0 . 1 4 4 6
C ( 7 ) - 0 . 5 8 3 0 - 0 .2 3 7 0 0 .1 0 9 8
0 ( 8 ) - 0 . 4 5 5 4 - 0 .1 6 3 8 0 .1 1 8 2
0 ( 9 ) - 0 . 3 3 9 3 - 0 .2 5 2 0 0 . 0 9 5 2
0 ( 1 0 ) -0 .3424- - 0 . 3 8 6 3 0 .1 2 6 2
0 ( 1 1 ) - 0 . 2 1 8 4 - 0 . 1 6 5 6 0 .1 1 2 1
0 ( 1 2 ) - 0 . 1 9 1 3 - 0 . 1 4 1 2 0 .1 7 7 2
0 ( 1 3 ) - 0 . 0 4 1 6 - 0 . 1 0 6 2 0 .1 7 0 5
0 ( 1 4 ) - 0 . 0 2 9 9 0 .0 3 1 5 0 .1 6 9 7
0 ( 1 5 ) - 0 . 0 0 1 0 0 .0 6 9 4 0 .1 0 8 8
.0 (1 6 ) - 0 . 0 0 5 9 - 0 . 1 5 4 2 0 .1 1 0 4
0 ( 1 7 ) - 0 . 4 8 6 0 - 0 . 5 5 7 6 0 .2 3 1 6
0 ( 1 8 ) - 0 . 5 0 1 1 - 0 .5 0 4 9 0 .0 5 8 5
0 ( 1 9 ) - 0 . 3 4 1 6 - 0 . 2 7 0 5 0 .0 2 5 1
-  Cont* d -
TABLE V I. C o n t 'd .
% %//  c
C (2 0 ) - 0 . 4 7 6 1 - 0 .0 2 6 7 0 .0 8 3 1
0 ( 2 1 ) - 0 . 6 7 6 2 - 0 .6 4 0 0 0.0304-
C( 22) - 0 . 7 5 7 1 - 0 .7 8 1 5 0 .0 3 4 5
0 ( 2 3 ) - 0 . 7 8 6 2 - 0 .4 3 0 8 0 .1 7 8 1
o (  24) - 0 . 8 9 1 3 - 0 .5 2 0 3 0 .1 5 9 6
0 ( 1 ) - 0 . 5 7 6 9 - 0 .6 2 9 7 0 .1 9 4 5
0 ( 2 ) - 0 . 5 7 4 0 - 0 .6 3 6 1 0 .0 6 4 8
0 ( 3 ) - 0 . 7 2 2 6 - 0 .5 5 4 0 0 .0 0 5 7
0 ( 4 ) - 0 . 6 9 7 4 - 0 .4 2 5 8 0 .1 3 3 8
0 ( 5 ) - 0 . 7 6 8 3 - 0 .5 7 2 8 0 . 2 2 1 4
0 ( 6 ) - 0 . 1 0 5 0 - 0 . 2 2 6 0 0 .0 8 5 6
0 ( 7 ) 0 .0 1 9 3 - 0 . 0 3 6 0 0 .0 7 6 1
0 ( 8 ) - 0 . 0 0 9 3 0 .1 8 3 0 0 . 0 8 5 4
Br  * *• 0 . 1 4 4 2 0 .0 8 2 8 0 .2 0 3 6
TABLE VII.
S t a n d a r d  D e v i a t i o n s  i n  Atomic P o s i t i o n .
( i n  X)
<r(x) <r (y) cr(z)
C(l) 0 . 0 3 1 0 . 0 3 2 0 . 0 2 7
0(2) 0 . 0 3 1 0 .0 2 8 0.02V
0(3) 0 . 0 2 7 0 .0 3 0 0 . 0 2 6
0(4) 0 . 0 5 0 0 .0 5 3 0 .0 2 9
0(5) 0 . 0 2 6 0 .0 2 5 0 . 0 2 4
0(6) 0 . 0 2 8 0 .0 2 9 0 . 0 2 7
0(7) 0 .0 3 1 0 . 0 3 2 0 . 0 2 7
C(8) 0 . 0 3 2 0 .0 3 0 0 .0 2 9
0(9) 0 .0 2 9 0 .0 2 8 0 , 0 2 4
0(10) 0 . 0 2 7 0 . 0 2 4 0 .0 2 5
0(11) 0 . 0 2 7 0 . 0 3 0 0 .0 2 5
0(12) 0 . 0 2 7 0 . 0 3 0 0 . 0 2 6
0(13) 0 .0 2 8 0 . 0 3 5 0 .0 2 8
0(14) 0 .0 2 9 0 .0 5 0 0 .0 3 0
0(15) 0 .0 5 0 0 . 0 3 2 0 . 0 2 6
0 ( 1 6 ) 0 .0 2 8 0 .0 2 9 0 . 0 2 4
C(l7) 0 .0 2 9 0 . 0 3 3 0 .0 2 5
0 ( 1 8 ) 0 . 0 2 7 0 . 0 2 7 0 .0 2 5
0 ( 1 9 ) 0 . 0 5 3 0 .0 2 9 0 .0 2 5
0 ( 2 0 ) 0 . 0 5 0 0 .0 5 3 0 .0 3 1
- O o n t • d -
TABLE V I I . ^ U o n t 'd )  
S t a n d a r d  D e v i a t i o n s  i n  Atomic P o s i t i o n .
<r  ( x ) c r (y ) <r(z)
0 ( 2 1 ) 0 . 0 5 2 0 . 0 3 2 0 .0 2 9
0 ( 2 2 ) 0 . 0 5 1 0 .0 5 0 0 .0 2 6
0 ( 2 3 ) 0 . 0 2 9 0 .0 5 0 0 .0 2 6
0 ( 2 4 ) 0 . 0 2 9 0 .0 5 1 0 .0 2 9
0 ( 1 ) 0 . 0 2 1 0 .0 2 1 0 .0 1 8
0 ( 2 ) 0 . 0 1 9 0 .0 2 1 0 . 0 1 7
0 ( 3 ) 0 . 0 2 1 0 .0 2 1 0 .0 1 9
0 ( 4 ) 0 . 0 1 8 0 .0 2 1 0 . 0 1 7
0 ( 5 ) 0 . 0 2 0 0 . 0 2 4 0 .0 1 9
0 ( 6 ) 0 .0 1 9 0 .0 1 9 0 .0 1 8
0 ( 7 ) 0 . 0 1 7 0 . 0 1 7 0 .0 1 8
0 ( 8 ) 0 . 0 1 8 0 .0 1 8 0 .0 1 9
B r 0 . 0 0 4 0 .0 0 5 0 . 0 0 4
TABLE V TII
o
Bond L e n g t h s  i n  A, 
w i t h  s t a n d a r d  d e v i a t i o n s .
0 ( 1 ) - 0 ( 8 )  1 . 5 9 + 0.04-
0 ( 1 ) - 0 ( 1 0 ) 1 . 5 8 ± 0 . 0 4
0 ( 2 ) 0 ( 3 )  1 . 5 4 + 0 . 0 4
0 ( 3 ) - 0 ( 4 )  1 . 6 3 + 0 . 0 4
0 ( 4 ) - 0 ( 5 )  1 . 6 2 + 0 . 0 4
0 ( 4 ) - 0 ( 1 7 ) 1 . 4 7 ± 0 . 0 4
0 ( 4 ) - 0 ( 1 )  1 . 5 0 + 0 . 0 4
0 ( 5 ) - 0 ( 6 )  1 . 5 7 + 0 . 0 4
0 ( 5 ) - 0 ( 1 0 ) 1 . 5 3 + 0 . 0 4
0 ( 5 ) - 0 ( 1 8 ) 1 . 6 1 + 0 . 0 4
0 ( 6 ) - 0 ( 7 )  1 . 4 7 + 0 . 0 4
0 ( 6 ) - 0 ( 4 )  1 . 4 5 + 0 . 0 3
0 ( 7 ) - 0 ( 8 )  1 . 5 5 ± 0 . 0 4
0 ( 8 ) - 0 ( 9 )  1 . 6 0 + 0 . 0 4
0 ( 8 ) 0 ( 2 0 ) 1 . 6 2 + 0 . 0 4
0 ( 9 ) ~ 0 ( 1 0 ) 1 . 5 3 + 0 . 0 4
0 ( 9 ) - 0 ( 1 1 ) 1 . 5 9 + 0 . 0 4
0 ( 9 ) - 0 ( 1 9 ) 1 . 6 1 + 0 . 0 4
0 ( 1 1 ) 0 ( 1 2 ) 1 . 5 3 + 0 . 0 4
0 ( 1 1 ) - 0 ( 6 )  1 . 4 7 + 0 . 0 3
0 ( 1 2 ) - 0 ( 1 3 ) 1 . 6 3 + 0 . 0 4
0 ( 1 3 ) - 0 ( 1 4 ) 1 . 4 0 + 0 . 0 4
0 (1 3 ) - 0 ( 1 6 ) 1 . 5 0 + 0 . 0 4
0 ( 1 4 ) - 0 ( 1 5 ) 1 . 4 8 + 0 . 0 4
0 ( 1 4 ) - Br 2 .0 6 + 0 . 0 3
0 ( 1 5 ) - 0 ( 7 )  1 . 3 2 + 0 .  03
0 ( 1 5 ) - 0 ( 8 )  1 . 2 7 + 0 . 0 3
0 (1 6 ) - 0 ( 6 )  1 . 3 9 + 0 . 0 3
0 ( 1 6 ) - 0 ( 7 )  1 .4 5 + 0 . 0 3
0 ( 1 7 ) - 0 ( 1 )  1 . 4 7 + 0 . 0 4
0 ( 1 8 ) - 0 ( 2 )  1 . 5 4 + 0 . 0 3
C( 21) - 0 ( 2 2 ) 1 . 5 7 ± 0 . 0 4
0 ( 2 1 ) - 0 ( 2 )  1 . 3 3 + 0 . 0 4
0 ( 2 1 ) - 0 ( 3 )  1 .1 5 + 0 . 0 4
0 ( 2 3 ) - 0 ( 2 4 ) 1 . 4 9 + 0 . 0 4
0 ( 2 3 ) - 0 ( 4 )  1 . 3 8 + 0 . 0 3
0 ( 2 3 ) —0 ( 5 )  1 . 1 7 + 0 . 0 4
TABLE IX . 
Bond A n g l e s .
c ( 1 0 ) - 0 ( 1 ) - 0 ( 2 ) 110°
0 ( 1 ) - 0 ( 2 ) -C( 3) 108°
0 ( 2 ) - 0 ( 3 ) - 0 ( 4 ) 106°
0 ( 3 ) - 0 ( 4 ) - 0 ( 5 ) 112°
0 ( 3 ) - 0 ( 4 ) - 0 ( 1 7 ) 123°
0 ( 3 ) - 0 ( 4 ) - 0 ( 1 ) 120°
0 ( 5 ) - 0 ( 4 ) - 0 ( 1 7 ) 119°
0 ( 5 ) - 0 ( 4 ) - 0 ( 1 ) 115°
fc-I—1O - 0 ( 4 ) - 0 ( 1 ) 59°
0 ( 4 ) - 0 ( 5 ) - 0 ( 6 ) 112°
0 ( 4 ) - 0 ( 5 ) - 0 ( 1 0 ) O O
0 ( 4 ) - 0 ( 5 ) - 0 ( 1 8 ) 112°
0 ( 6 ) - 0 ( 5 ) - 0 ( 1 0 )
o o 
1—1 
H
0 ( 6 ) - 0 ( 5 ) - 0 ( 1 8 ) 109°
0 ( 1 0 ) - 0 ( 5 ) - 0 ( 1 8 ) 110°
0 ( 5 ) - 0 ( 6 ) - 0 ( 7 ) 113°
0 ( 5 ) - 0 ( 6 ) - 0 ( 4 ) 106°
0 ( 7 ) - 0 ( 6 ) -O ( 4  ) 106°
0 ( 6 ) - 0 ( 7 ) - 0 ( 8 ) 108°
0 ( 7 ) - 0 ( 8 ) - 0 ( 9 ) 1110
0 ( 7 ) - 0 ( 8 ) - 0 ( 2 0 ) 103°
0 ( 9 ) - 0 ( 8 ) - 0 ( 2 0 ) 115°
0 ( 8 ) - 0 ( 9 ) - 0 ( 1 0 ) 109°
0 ( 8 ) - 0 ( 9 ) - 0 ( 1 1 ) 103°
0 ( 8 ; - 0 ( 9 ) - 0 ( 1 9 ) 112°
0 ( 1 0 ) - 0 ( 9 ) - C ( l l ) 113°
0 ( 1 0 ) - 0 ( 9 ) - 0 ( 1 9 ) 1110
0 ( 1 1 ) - 0 ( 9 ) - 0 ( 1 9 ) 108°
0 ( 1 ) -01,10 -Cl, 5) 110°
0 ( 1 ) - 0 ( 1 0 - 0 ( 9 ) 113°
0 ( 5 ) - 0 ( 1 0 - 0 ( 9 ) 115°
0 ( 9 ) - 0 ( 1 1 - 0 ( 1 2 ) 118°
0 ( 9 ) -0 (1 1 - 0 ( 6 ) 109°
0 ( 1 2 ) -0 (1 1 - 0 ( 6 ) 108°
0 ( 1 1 ) - 0 ( 1 2 - 0 ( 1 3 ) 97°
0 ( 1 2 ) - 0 ( 1 3 - 0 ( 1 4 ) 108°
0 ( 1 2 ) - 0 ( 1 3 - 0 ( 1 6 ) 105°
0(14 )- -0 (1 3 - 0 ( 1 6 ) 107°
0(13 )- - 0 ( 1 4 - 0 ( 1 5 ) 107°
0 (1 3 )- -0 (1 4 - B r 109°
-  C o n t1 d -
TABLE IX. { Cont* d) 
Bond A n g l e s .
0 ( 1 5 ) -  0 ( 1 4 ) -  Br 96°
0 ( 1 4 ) -  0 ( 1 5 ) -  0 ( 7 ) 1110
0 ( 1 4 ) -  0 ( 1 5 ) -  0 ( 8 ) 128°
0 ( 7 ) -  0 ( 1 5 ) -  0 ( 8 ) 120°
0 ( 1 3 ) -  0 ( 1 6 ) -  0 ( 6 ) 1110
0 ( 1 3 ) -  0 ( 1 6 ) -  0 ( 7 ) 106°
0 ( 6 ) -  0 ( 1 6 ) -  0 ( 7 ) 110°
0 ( 4 )  - 0 ( 1 7 ) -  0 ( 1 ) 61°
0 ( 5 ) -  0 ( 1 8 ) -  0 ( 2 ) 106°
0 ( 2 2 ) -  0 ( 2 1 ) -  0 ( 2 ) 109°
0 ( 2 2 ) -  0 ( 2 1 ) -  0 ( 3 ) 123°
0 ( 2 ) -  0 ( 2 1 ) -  0 ( 3 ) 128°
0 ( 2 4 ) -  0 ( 2 3 ) -  0 ( 4 ) 109°
0 ( 2 4 ) -  0 ( 2 3 ) -  0 ( 5 ) 132°
0 ( 4 ) -  0 ( 2 3 ) -  0 ( 5 ) 120°
0 ( 1 8 ) -  0 ( 2 ) -  0(21)  112°
0 ( 6 ) -  0 ( 3 ) -  0(23) 119°
TABLlil X.
Some I n t r a m o l e c u l a r  
Non- 'bonded C o n t a c t s  ( i n  2.).
C ( 1 )  . . ••  0 ( 4 ) 2 .9 3
0 ( 1 )  . . .. 0 ( 1 1 ) 3 .2 2
0 ( 1 )  . . . .  0 ( 1 2 ) 3 .8 6
0 ( 1 )  . . . .  0 ( 6 ) 2 .9 7
0 ( 2 )  . . . .  0 ( 5 ) 3 .0 9
0 ( 3 )  . . . .  0 ( 1 0 ) 3 . 0 4
0 ( 4 )  . . . .  0 ( 2 ) 2 .7 6
0 ( 5 )  . . . .  0 ( 8 ) 2 .9 7
0 ( 6 )  . . . .  0 ( 9 ) 2 .9 7
0 ( 7 )  . . . .  0 ( 1 0 ) 2 .9 8
0 ( 7 )  . . . .  0 ( 5 ) 3 .4 9
0 ( 8 )  . . . .  0 ( 1 2 ) 3 .1 0
0 ( 8 )  . . . .  0 ( 6 ) 3 .8 2
0 ( 1 0 )  . . . .  0 ( 1 2 ) 3 .1 7
0 ( 1 0 )  . . . .  0 ( 6 ) 3 .1 2
0 ( 1 1 )  . . . .  0 ( 1 4 ) 3 .1 1
C(ll-) . . . .  0 ( 1 5 ) 3 .3 1
C(l l )  .. . .  0 ( 2 0 ) 3 .1 3
0(11) .. . .  0 ( 7 ) 2 .9 5
0 ( 1 2 ) • • • • a !—1
 CJ1  ^
* 
i
3 . 3 2
0 ( 1 2 ) ____0 ( 2 0 ) !>-00
to
0 ( 1 2 ) ------0 ( 7 ) 3 .3 8
0 (1 4 ) . . . . 0 ( 6 ) 3 .3 3
0 (1 5 ) . . . . 0 ( 6 ) 3 .2 3
0 ( 1 8 ) ____0 ( 1 9 ) 3 .0 1
0 ( 1 8 ) ____0 ( 1 ) 3 .4 4
0 ( 1 8 ) ____0 ( 3 ) 2 .6 8
0 ( 1 8 ) ____0 ( 4 ) 2 .8 1
0 ( 1 9 ) ____0 (2 0 ) 3 . 1 4
0 ( 1 9 ) ------0 ( 6 ) 2 .8 9
0 ( 2 3 ) ____0 ( 1 ) 3 .0 1
0 ( 2 4 ) ____0 ( 3 ) 3 .9 5
0 ( 1 ) ____0 ( 2 ) 2 .9 6
0 ( 1 ) ____0 ( 4 ) 2 .7 9
0 ( 1 ) ____0 ( 5 ) 3 .3 5
0 ( 2 ) ____0 ( 4 ) 2 .9 5
0 ( 3 ) ____0 ( 4 ) 3 .2 1
0 ( 8 ) ____Br 3 .3 1
TABLE X I,
I n t e m o l e c u l a r  Bond L e n g th s  ( < 4  %).
The Boraan N u m e ra l s  r e f e r  t o :
I .  x ,  1 + y ,  z^  IV. x ,  J + y ,
I I • 1+ 2C.J y ,  z V. —1 —x f
I U »  l+ X j  1+y ,  z VI .  "2*f-Xy "“^ ““y , z
0 ( 7 )  . . . . C
0 ( 8 )  . . . . 0
0 ( 8 )  . . . . C
0 ( 7 )  . . . .0
0 ( 8 )  . . . .0
0 ( 7 )  . . . . 0
0 ( 8 )  . . . . 0
0 ( 1 4 ) . . . . 0
0 ( 3 0 ) . . . . 0
0 ( 1 1 ) . . . .0
0 ( 1 5 ) . . . .0
0 ( 8 )  . . . .0
0 ( 1 5 ) . . . . 0
0 ( 2 ) . . . . . 0
0 ( 1 2 ) . . . .0
0 ( 1 9 ) . . . . 0
0 ( 1 6 ) . . . . 0
0 ( 8 )  . . . . 0
1 8 ) ^ 3 .1 1
2 2 ) 111 3 . 1 2
3 1 ) 71 3 .2 1
3) V I 3 .2 9
S ) 71 3 . 5 3
19 f 1 3 .3 6
2 ) 1 3 .4 1
5 ) V 3 .4 1
3 ) VI 3 .4 5
3 ) 71 3 .4 9
3 ) 71 3 .5 2
2 ) 71 3 .5 3
2 2 ) 111 3 .5 8
2 4 ) 11 3 .5 9
5 ) V 3 .5 9
3 ) 71 3 .5 9
1 9 ) 7 1 3 . 6 3
1 7 ) V 3 . 6 4
0 ( 7 ) . . . 0
0 ( 8 ) . . . C
0 ( 6 ) . .  .0
0 ( 1 5 ) . . . 0
0 ( 5 ) . . . c
0 ( 8 ) . . .0
0 ( 6 ) . .  . c
0 ( 7 ) . . .0
0 ( 8 ) . . .0
0 ( 7 ) . . .0
0 ( 1 2 ) . .  .0
0 ( 1 ) . . . ,C
0 ( 1 5 ) . . .c
0 ( 2 0 ) . . . c
Br . . . c
C(12) . . . 0
C (1 6 ) . . .c
Br . . .0
0 ( 1 5 ) . .  .0
21 ) ^ 3 .6 5
2 4 ) 111 3 .6 7
3 ) ^ 3 . 7 3
2171 3 .7 5
3 )V 3 .7 5
1 8 ) 71 3 .7 5
19 )V1 3 . 7 6
2 2 ) 111 3 . 7 6
22)71 3 .7 8
2 ) 71 3 .79
1 ) V 3 .8 2
24-)11 3 .8 5
i s B 1 ca • 00 -3
2 2 ) 1 3 .8 7
1 2 ) IV 3 .9 3
23 )V 3 . 9 4
2 3 ) 11 3 .9 5
2 ) IV 3 .9 5
5 ) V 3 .9 6
F i n a l  A n i s o t r o p i c  
The rm al  P a r a m e t e r s  ( b j ^  x  1 0 ^ ) .
h
- 1 1 - 2 2 b- 3 3 —12 ~23 - 1 5
C(1) 521 1277 307 -445 137 -8 3
C (2 ) 1257 1269 350 -7 7 2 -1 8 2 14
C(S) 592 2100 323 -706 -189 45
0 ( 4 ) 1081 1559 358 -4 6 6 -8 6 -4 6 0
0 ( 5 ) 884 1180 231 -840 38 -225
C ( 6 ) 777 1751 512 -1688 -2 3 4 -200
0 ( 7 ) 1118 1988 322 -4 9 0 299 55
0 ( 8 ) 1071 1726 183 -505 -5 8 4 81
0 ( 9 ) 712 1409 239 254 75 - 1 5 2
C (1 0 ) 697 1003 287 -409 122 27
C ( l l ) 588 1888 240 -5 3 0 -168 89
0 ( 1 2 ) 875 1894 231 198 349 -4 0
0 ( 1 5 ) 956 2101 279 35 -8 8 - 1 2
0 ( 1 4 ) 1014 1680 321 -4 2 7 -130 -7 8
0 ( 1 5 ) 1461 1792 287 -2 2 7 7 - 9 4 122
0 ( 1 6 ) 1145 1620 198 -1 2 0 -397 - 1 4
0 ( 1 7 ) 938 1901 285 386 525 484
0 ( 1 8 ) 747 1383 221 -1 4 3 2 -200  
C o n t 1 d
00toI
I
TABLE X I I . ( C o n t ' d )  
F i n a l  A n i s o t r o p i c  
Therm al  P a r a m e t e r s  ( h . .. x  1 0 ^ ) .X J
^11 ^ 2 2 ^ 3 3 ^12 b 23 ^13
C ( l ? ) 1163 1741 227 -6 3 4 217 -9 0
C (2 0 ) 909 1918 426 571 303 76
C( 21) 1168 1484 342 -169 186 - 3 6
0 ( 2 2 ) 1398 1531 301 -2260 -4 0 4 83
0 ( 2 3 ) 1000 1528 288 241 67 4
0 ( 2 4 ) 611 2225 358 555 -3 0 4 -3
0 ( 1 ) 1270 2032 264 673 206 - 4 4
0 ( 2 ) 1036 1871 260 -633 78 -289
0 ( 3 ) 1301 2023 327 141 467 290
0 ( 4 ) 972 1783 288 -610 297 - 2 2
0 ( 5 ) 1087 2594 398 -488 -401 570
0 ( 6 ) 1071 1255 304 -381 81 - 8 6
0 ( 7 ) 674 1060 363 115 47 408
0 ( 8 ) 1074 985 414 235 256 -4 3 4
Br 1928 2525 339 -1770 - 4 4 -318
I I , 1 1  *
152 151 9°
c,r e\ 270 
IK- 122 270 5* 5 5 «77C
1 r- 27 25 90
17 V- ^  270
in in 11 270
19 22 14 90
r-l r i  go 
>0 V  270 
2? 29 *70 
41 >0 270
.10 icy* 90
20 17 12 270
10 1C 9 90
11 17 <1 0
14 27 1R 1-0
15 «  19 01* 10 19 100
17 '< 4 100
19 I t  4 0
21 1* 19 100
21 22 9024 K, 90
U 21 90
1* 11 0
•* 0 V=0
10 V- 100
2 7 I? 17 270
10 1? i f  e
19 11 14 270
2l * 9 90
21 11 10 270
24 7 Q 0
25 10 10 90
29 5 7 90
C I f  15 270
1 142 174 M l
2 90 67 243
1 134 134 203
4 6 5 282
5 75 T9 305
* 57 53 319
7 77 77 200
" 32 42 312
9 39 46 o t
10 6ft 60 140
10 24 23 30C
73 76 212 
M 35 215
65 55 4 f
11 34 31 57
12 31 20 240
13 11 12 3
14 19 17 H7
15 17 14 169
If  27 30 IT*
1? 23 25 Ml
in 12 0 .30919 12 12 190
20 14 14 99
21 10 15 91
22 15 15 26f
2 ' 7 9 273
11 61 50 245
14 39 M 338
15 15 9 7*
I f  32 31 179
21 15 15 75
25 5 5 3012f < 10 101
0 37 35 90
1 10 10 335
2 44 59 295
3 f l  f l  i f
57 57 17
5 59 55 205
f  11 9 186
n 25 19 85
9 25 21 142
10 35 28 240
11 26 19 281
12 32 30 151
13 23 24 15
14 27 27 320
15 26 33 249
If  0 5 M3
IB 11 10 36
19 26 IB 123
20 12 16 294
21 10 11 *94
22 fl 12 104
1*5 I  l ? I S ?
1 24 19 *6*
2 20 34 332
3 10 16 103
4 39 42 196
5 14 16 31B
f  20 21 36
7 22 23 >03
O 25 30 143
9 10 19 57
10 14 19 335
12 21 IB 37
13 *4 *9 63
14 20 27 201
15 7 6 lf lj
i f  f  10 311
0 5 T9
7 4 207
5 4 117
20 37 *70 
f  9 112 20 22 106 
IB 10 392 20 *1 *60 
n 11 130 
11 12 310 
13 14 91 
25 *5 107
11 12 14 294
20 21 107
69 60 i f  H 
\ f  i f  72
20 I f  i f  176
19 24 17B 
11 294 
11 25
9 2f1
19 51
22 202 
45 102
19 127 
32 253
n  * 8
25 9 11 932f 5 0 261
0 55 56 160
fi 10 IK  
fC 59 21
7 21 225
2‘« 19 103
1? 11 I? *12
25 *02
14 145 
35 >05
11 5(
? ?
12 *71
7 *31
*1 07
1* 2)2
«  19)11 1»f
12 95
If* 1? **f 
24 *1 4*If 1*' If 
f n 1C7 
If 20 171
1* 15® r Vit  
7 '35
13 51 46 55
18 11 9 1^5
25 12 11 206
11 30 20 *51
12 41 36 09
11 10 10 109
in 21 *79 
10 11 200 
12 17 81 
7 4 159
27 25 90
17 20 169 
30 34 100
4C 35 161
in 11 10 *18
i l l
50 *56 
!*
15 *f 29 345
|f  H* *1 29
17 I* 10 IB*
in 10 9 169
19 10 9 f j
* r n 5 105
24 7 9 *45
11 15 17 *26
10 263 
9 52 
12 131
« *»9
10 23 29 160
11 27 21 *70
13 I f  13 90
!? II
17 17 23 90
1 46 39 3e
2 46 33 1723 90 67 iij
4 05 79 995 64 6* 243
6 75 76 *67
’  20 2? 530 40 46 125
9 25 21 310
10 45 45 284
11 23 26 30
12 9 17 171
11 23 22 87
14 27 31 73
19 17 17 *43
117 72 0
101 75 50 
69 65 40
34 35 159 
66 92 2*6 
66 f l  259 
36 32 157 
22 2* 52 
11 14 353
11 11 35 135
21 1? 20 15
116 85 315
42 30 266
M 46 B9
6 4n 41 151
t  m  03 B3
8 20 *6 187
9 1C f*  *92
10 46 4fi 331
11 *1 20 3in
1* *7 30 *0f
11 20 29 1*7
14 If  15 71
15 If  20 *>6
1» 14 1* 95
17 13 3f 01
10 19 *1 194
19 C 9 140
*0 10 9 136
*1 9 1* 4022 10 U 2*1
*4 6 * 91
0 11 *6 0
n  24 t t l
V  15 305 
45 45 10
54 49 87
*5 w  n o  
2? 12 196
4? 44 164
*9 *0 286
,1  »’, W
1»* 19
169
4* 15
It* 10 14 *19
19 17 in 1T9
12 in 19 169
1 43 11 90
92 £3 i
11 26 25 04
12 29 33 73
14 1* 26 25H
15 16 20 10*
1* 14 22 201
.7 16 21 159
10 11 10 150
35
179
10 17 177 
12 17 327
9 10 05 
I* 9 197 
f 7 §n 90 
74 *9 75
11 10 *60s s m
10 14 17 172
12 *06 
37 29613
U 2f 2 i (if
12 32 27 If9
11 11 30 192
14 *n *9 **0
15 21 *4 157
i f  9 n 13*
IT 15 14 107
If 19 *21
1? IL?
39 157
55 97 
67 *02 
15 293
If  K  1 • 115
1’  1*» 15 ?211 K l* ?;;>
IP 12 2if11 If *09
10 9 ? fl
9 10 9
10 17 14 172
11 12 *7 174
1* I! I '  HO
P If  15 0
11 I f  15 l i f
12 K 11 75411 11 20 *6n
20 9 If  1E V, $
15 12 ?f
10 106 
10 119
in ?4f
TABLE XIV.
The v a l u e s  o f  t h e  Maxima a t  t h e  - p o s i t i o n  o f  e a c h  
Atom i n  t h e  f i r s t  F o u r i e r  ( SU) S y n t h e s i s C i n  e l e c t r o n s / ! 5 ) .
c ( i ) 2 . 9 2 0 ( 1 7 ) 3.
0 ( 2 ) 00<0to 0 ( 1 8 ) 3.
0 ( 3 ) 2 .6 9 C(19) 3.
0 ( 4 ) 3 . 6 2 0 ( 2 0 ) 3.
0 ( 5 ) 3 .0 5 0 ( 2 1 ) 3.
0 ( 6 ) 2 .8 0 0 ( 2 2 ) 3 .
C ( 7 ) 2 .9 8 0 ( 2 3 ) 3.
0 ( 8 ) 3. 27 0 ( 2 4 ) 2.
0 ( 9 ) 2 .9 1 0 ( 1 ) 3.
0 ( 1 0 ) 3 . 5 3 0 ( 2 ) 3.
0 ( 1 1 ) 3 . 0 3 0 ( 3 ) 3.
0 ( 1 2 ) 2 .8 9 0 ( 4 ) 3.
0 ( 1 3 ) 3 .1 0 0 ( 5 ) 3.
0 ( 1 4 ) - 0 ( 6 ) 3.
0 ( 1 5 ) 2 .3 5 0 ( 7 ) 3.
0 ( 1 6 ) 3 .0 2 0 ( 8 ) 3.
07
10
04
07
10
41
74
83
78
09
39
61
12
67
67
84
PART I I .
The S t r u c t u r e  o f  B y s so c h la m ic  A c i d :
The X - r a y  A n a l y s i s  o f  a  p - hromo p h e n y l  h y d r a z i n e  D e r i v a t i v e .
The S t r u c t u r e  o f  B y sso c h la m ic  A c id :
The X - r a y  A n a l y s i s  o f  a p - b rom opheny l  h y d r a z i n e  D e r i v a t i v e . 
I n t r o d u c t i o n :
I n  1 9 3 3 ,  O l l i v e r  and  Smith  d e s c r i b e d  a new A sco m y ce te ,
B y s s o c h la m y s  f u l v a  w h ich  c a u s e s  s p o i l a g e  i n  p r o c e s s e d  
f r u i t s  a n d  i s  v e r y  d i f f i c u l t  to  d e s t r o y .  A s t u d y  o f  
t h e  m e t a b o l i c  p r o d u c t s  fo rm ed  when B yssoch lam ys  f u l v a  i s  
grown o n  a  s y n t h e t i c  medium w i t h  g l u c o s e  a s  t h e  s o l e  
s o u r c e  o f  c a r b o n  was u n d e r t a k e n  by  R a i s t r i c k  and  Sm ith  
( 1 9 3 3 ) ,  who were  a b l e  to  i s o l a t e  a new and s p e c i f i c  m ould
p r o d u c t ,  C18H20°6   ^m .p .  1 6 3 . 5 ° ) ,  which was t o x i c  to  m i c e .  
T h i s  s u b s t a n c e  t i t r a t e s  a s  a t e t r a b a s i c  a c i d ,  so t h e y  
named i t  b y s s o c h l a m i c  a c i d .  R a i s t r i c k  and  Sm ith  fo u n d  
t h a t  b y s s o c h l a m i c  a c i d  gave s a l t s  o f  t h e  ty p e  C-. ,
x  o  H\J o  4c
a c i d i f i c a t i o n  g i v i n g  b e f o r e  l o s s  o f  two m o l e c u l e s
o f  w a t e r  t o  r e g e n e r a t e  b y s s o c h l a m i c  a c i d .  T h i s  p a t t e r n  
s u g g e s t s  t h e  p r e s e n c e  o f  two a n h y d r i d e  g r o u p s
60.
Wijkman ( 1 9 3 1 )  d e s c r i b e d  a mould  p r o d u c t ,  g l a u c a n i c
a c i d ,  a l s o  o f  f o r m u l a  C H 0 , which  t i t r a t e s  a s  a
18 20 6
t e t r a b a s i c  a c i d .  T h i s  f a c t  i s  m e n t i o n e d  b e c a u s e  t h e  
c l o s e l y - r e l a t e d  g l a u c o n i c  a c i d  was to  p l a y  a  p a r t  i n  
t h e  e l u c i d a t i o n  o f  t h e  s t r u c t u r e  o f  b y s s o c h l a m i c  a c i d .
B a r t o n  ( 1 9 6 0 )  h a d  shown t h a t  t h e  a n h y d r i d e  g r o u p s  
e x i s t e d  a s  f i v e - m e m b e r e d  r i n g s  ( I )  and he was a b l e  
to  p r o v i d e  c r y s t a l s  o f  a d e r i v a t i v e  o f  b y s s o c h l a m i c  
a c i d  fo rm e d  b y  r e a c t i o n  w i t h  ]3-bromo p h e n y l  h y d r a z i n e  
i n  c h l o r o f o r m  s o l u t i o n ,  t h e  p o i n t  o f  a t t a c k  b e i n g  
t h e  f i v e - m e m b e r e d  r i n g .  B a r t o n  s u g g e s t e d  a l t e r n a t i v e  
s t r u c t u r e s  ( I I  and  I I I )  f o r  t h i s  p a r t  o f  t h e  m o l e c u l e .
I I II I
when he  s e n t  t h e  c r y s t a l s ,  B a r t o n  was u n a b l e  
t o  t e l l  i f  b o t h  a n h y d r i d e  r i n g s  o r  o n l y  one h a d  
r e a c t e d  w i t h  £ - b r o m o p h e n y l h y d r a z i n e .  The p r e l i m i n a r y  
X - r a y  work showed t h a t  b o t h  r i n g s  h a d  b e e n  a t t a c h e d  
a n d  t h a t  t h e  m o l e c u l a r  f o r m u l a  o f  t h e  d e r i v a t i v e  
was O^QH^QO^N^Brg, a  f a c t  l a t e r  c o n f i rm e d  b y  B a r t o n .  
The d e r i v a t i v e  c a n  be c a l l e d  b y s s o c h l a m i c  a c i d  b i s -  
£ - b r o m o p h e n y l h y d r a z  i  de o r  H, IT1 - b  i  s -  (,p - b r o m o a n i l i n o ) 
b y s s o c h l a m i c  a c i d  d i i m i d e .
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E x p e r i m e n t a l :
C r y s t a l  D a t a . 
M o l e c u l a r  F o rm u la  
M o l e c u l a r  W eigh t  
M e l t i n g  P o i n t  
D e n s i t y  ( c a l c . )  
D e n s i t y  ( m e a s . ) 
C r y s t a l  S ys tem  
a  
c
U n i t  C e l l  Volume 
No. o f  m o l e c u l e s / c e l l  
A b s e n t  S p e c t r a
S pace  Group
A b s o r p t i o n  C o e f f i c i e n t  
f o r  X - r a y s :
°30H300 4 N4 B r2
66 9 .8
164 -  166°C.
1 . 5 2 4  gm/cc .
1 .5 0 5  g m . / c c .
T e t r a g o n a l  
1 0 .0 7  A.
5 7 .6 1  A.
5 8 4 1 .9  x 10“ ^  c c .
8
bOO(OkO) when h ( k )  i s  o d d .  
00JL when £. 4  4n .
8
(A>= 1 . 5 4 2 )  JUL 
F ( 0 0 0 )
P 4 i 2 i 2  (D4 ) o r  i t s
e n a n t io m o r p h  P4g2-^2 (D4 )
-14 0 . 3  can.
2720
R o t a t i o n ,  o s c i l l a t i o n ,  W e is se r ib e rg ,  and  p r e c e s s i o n  
p h o t o g r a p h s  were  t a k e n  w i t h  CuK<* r a d i a t i o n  ( X = 1 .5 4 2  S.) 
a n d  MoK^ r a d i a t i o n  ( X  = 0 .7 1 0 7  A) .  The c e l l  d im e n s i o n s  
w ere  o b t a i n e d  f rom r o t a t i o n  and  p r e c e s s i o n  p h o t o g r a p h s .
The i n t e n s i t i e s  were  c o l l e c t e d  h y  ze ro  l a y e r  and  e q u i -  
i n c l i n a t i o n  W e i s s e n b e r g  p h o t o g r a p h s  o b t a i n e d  b y  
r o t a t i n g  t h e  c r y s t a l  a b o u t  one o f  t h e  1 0 .0 7  X a x e s .
The i n t e n s i t i e s  were  e s t i m a t e d  v i s u a l l y ,  c o r r e c t e d  f o r  
L o r e n t z ,  p o l a r i s a t i o n ,  an d  r o t a t i o n  f a c t o r s  and  r e d u c e d  
to  s t r u c t u r e  a m p l i t u d e s  b y  t h e  m o sa ic  c r y s t a l  f o r m u l a .
As t h e  c r y s t a l  b e l o n g s  to  t h e  t e t r a g o n a l  s y s t e m ,  m o s t  
r e f l e x i o n s  hav e  s y m m e t r i c a l l y - e q u i v a l e n t  r e f l e x i o n s  
o c c u r r i n g  on  d i f f e r e n t  zones  o b t a i n e d  b y  r o t a t i o n  
a b o u t  t h e  same a x i s .  The o c c u r r e n c e  o f  such  r e f l e x i o n s  
p r o v i d e d  t h e  b a s i s  f o r  i n t e r z o n a l  s c a l i n g ,  a l l  s t r u c t u r e  
a m p l i t u d e s  b e i n g  s c a l e d  r e l a t i v e  to  t h o s e  on th e  z e ro  
l a y e r .  A b s o l u t e  s c a l i n g  was a c h i e v e d  a t  a l a t e r  s t a g e  
b y  c o m p a r i s o n  w i t h  t h e  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s .  
I t  was r e a l i s e d  t h a t  t h e  a toms i n  t h e  s t r u c t u r e  would  
h a v e  h i g h  t e m p e r a t u r e  f a c t o r s ,  a s  t h e  d a t a  f a d e d  o u t  
r a p i d l y  above  s i n  0 =- 0 . 6 .  The d e n s i t y  was m e a s u re d  
b y  f l o t a t i o n  o f  a c r y s t a l  i n  a  m i x t u r e  o f  s a t u r a t e d  
z i n c  c h l o r i d e  s o l u t i o n  and  w a t e r .
I n  a l l ,  1 , 1 9 0  i n d e p e n d e n t  s t r u c t u r e  a m p l i t u d e s  
w ere  o b t a i n e d .
TABLE 1 ( a ) .
The v e c t o r s  to  h e  e x p e c t e d  i n  t h e  sp ac e  group'P4-,  2-. 2 
b e t w e e n  s y m m e t r i c a l l y  r e l a t e d  a tom s.
ATomc 
Pos ITIONS
X
y
z
y
X
z.
X
y
a
X
4-2-
d - y
d-*-x
4+-Z
>2-X
A + y 
<5- ' 2
d + y
4: -x
4 -*-x
id -y
^ - z
X x -y 2x x+y A+x-y +■ Zx k  +-x- y >z
y
2
y
2z
2y
>z
y+x
-i + 2z
4+x-t-y 
3 ,^A-
\^2.
%+z«.
4^ -y-HX
U-A-
4  + 2y
4: -^Zz
y
X
z
y-x
x~y
-22
-
a +x  
x+y 
4. -2z
2y
2x
I2_
d  + 4j
>z 
4^- -Zx
4 +-y -t-x 
J^  + X-y
H-
K
4 + 2x 
^--2x
d+y-*
•z-^ x+y •
4
X
5
4+z
-2x
-Zy
>2
-x-y
-y-* 
-<L +2z
-
-x + y 
-y+x 
2z
d-**y
d-a-*
h -
>z
4 “2y
4<-2z
-2 -x-y
4 +x-y 
'A
4-zx
L.Z.
V 2 i
y
X
4-*
-a-X
- x -y
^  -2,-x
- 2y
- Zx 
”2_
-y+-x 
- x+-y 
- Zz.
-
>z 
4  - 2x 
d “Zz
4-y + x
A-x-a
1
-<4-
L- -3^  -Zy
k  
% -z*
d-y-x
4 -xt-y 
X
H.-'i
d>x
d-y-x
-z+x-y
hr
V2y
\.
z"b •‘■X 
■z+x + y
h -
1
%+2z
-
- y-x
x-y
2z
-2-a
2x
>z
-y - x  
x+y 
4 + 2z
4~X
d>y
^ -Z
■d-ix
d .
A-x-y
-z-'-y-x
1
k
4-*-za
%-2z
d-x+y
■z+-y-x
3 .■^A-
-X + y
y-*
-Zz
-
-x-y
y^x
4-2*
-Zx
\,'z
'i-'-y
i-l-x
^  i-Z.
1z+y-x.
4~X-y3,-"3-
K
%-t-2z_
-t+a+x
4-X-t-y
-^4-
d + *y
>z
4_-h2z
2y
- 2x
d
y+-X
-X-y
'h +2z
-
ld ~x.
-x+-y
2 z
1-^ _ a
>2 
4~Zy 
•% "2.2-
1.
A-a-x
^4
4  +2.x d+x+y
-z-b+x
x ^y
-b-x
^i-Zz
2x
' 2y\,2
x -y
-y-t-x
-2z
-
i1AjiLi!i 1 (b ).
The v e c t o r s  to  be  e x p e c t e d  i n  t h e  space  g roup  P^P- ,  2 
"between two a tom s  n o t  r e l a t e d  "by symmetry. I n  
t h e  f u l l  u n i t  c e l l ,  t h e r e  w i l l  he  tw ic e  t h e  number 
o f  v e c t o r s  a s  shown i n  t h i s  t a b l e ,  on a c c o u n t  o f  t h e  
c e n t r e  o f  symm etry  o f  t h e  P a t t e r s o n  f u n c t i o n .
X . y , x , a , 4 - y , ^ - 3 C , <k + y , k
6 ,  \2. \
a- a , x . z ^ + X , ' k + a , O' _  x2  I k. — y .
z , *-, > i + z , Jz~z , ^ .  +  2 , ^ z , ^ : - 2 ,
*2 h - h y , - x z - a . - acl - z - X . - X ^ - k + x , - x l
y * y . - a * . X , ~  b z ~  y  i ~ a  2. -k ¥X - a* . ' z ' b . - b z h ® ;c, - y z ^ - y . - b z
Z z *•.  -  * - z l + z . - z . , . ' i  “ ^  i —2  j. V 2 ' " 2 i ^ - 2 . - 2 z ^ f  + 2 - ^ z - I f " 2  ~ 2 Z
y 2 x . - y z y . - a i - x . - y z _ y , - b z ' k - y . - y z ^ - x . - y 2 i + b . - b z d + : x , - y 2
x z y .  -  * z * . - * 2 - y , - x z ~DC, — X z ^ 4 - X , - X x ' k + y . - x z > - x , - x z d - y . - x z
z z Z . * 2 z - 2 , + 2 ^ i - X . + 2 z k  ~ 2 .-*-2 z % ' 2 U 2 z
* z X  (+ - x z y « - x , + h - y ,  + x z - k - ^ h ^ z ' k + a . +ac z £ + x d x z
b z y . ^ - b z x . + y z - y . + b i ' ^ l ^ z ^ ^ t b z ' z  + y , + y z ^ - x . + a z ^ - y . - ^ b z
' z  + 2 . , - 2 - a. Z~ Z - - Z z “ z r h ^ r - z . - Z z V 2 . " 2 z
* , + y * y . ^ b z - x , +  b z - y . + b z - z - a . ^ y z ' k - ^ h b z k h y u y z i ^ .  +  b z
y . - ^ - ^ z x . +  x . , - y . ^ z - x l + - x ^ i  +  x >+ x i ' k + a . + x z k - * , « ■ * * ' k - a . + x 2
< " 2 z " z . + ^ 4jp ^ f - 2 , + 2 z £  + 2 ,  +  Z z -iV ~  Z I ■*" Z2
k > y , - * - y a k  - x ,+ y z z - b . - ^ y z - y . + b z - ^ b * y .  + - b z x , + y z
k -k ^ a . - ^ z ' z  ■f' x r x i ^ - y , - x z > - x r x z X (- X z a , - x z —X |  — ~ b r x z
^  « . ' 2 l ^ + Z . " Z z k  - Z « ' 2 z Z , - Z 2 ~ 2 ,_ 2 - z A . ^ 2 . - 2 z - k - ^ - . - x z
k ^ ^ £ - * h x z k - y * - ^ - y , + i z - X , + X z b . ^ z X , 4 - X t
k  + y*. ' k + y . - b z V * . - y  z ' k - y - y z ^ - x r b z X , - b z y , - b z - x , - y z - y , - y * .
^ - + Z l+-2 2 ^ - Z . ^ z Z I+ 2 Z - Z . ^ z ^ + 2 , + 2 z k - z r h
^ * b  , - y z k - * , - y z A  - a - y z - b , - S z - *  - b z a . - b z
k 4-2,  + ^ ^ - y . + x z k  “-^W-^z X ,  + - x ^ y . + ^ z
- X i +  X z - y . + h
J -  ^"rt- z -3s ^: -*-2 , - * z
— 2. —2  ^  *-z ^ " 2  ~ ^ z 2  , -■*• ! - X  - X z
1  -t- X  z  -*-x ^ - H X , - X z i + y , - 3^ ^ - y , - x z -  y - x z ' X . ' X Z y . - ^ z x . - x ^
^ y . - b z ' k - y h y z A  - * g y 2 ^ g y z y .^ -y z - x . ^ y z - y . ^ - b z
i N N ^ - Z , + Z2 ' ^ ’+ 2 '+ z » % - z d z z ^ Z , +  Z z 4 - z , + z z 2 >+' 2 z
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S t r u c t u r e  D e t e r m i n a t i o n :
I .  The D e t e r m i n a t i o n  o f  t h e  Heavy Atom P o s i t i o n s .
The e x p r e s s i o n  f o r  t h e  P a t t e r s o n  f u n c t i o n  o f  a
c r y s t a l  h a v i n g  t h e  p o i n t  g roup  422 i s :  
ao ° 0  oO
p(uvw )  = %  £  £  £ | p ( u k £ ) |  ^ co s  2'flhU c o s  2T|kV c o s  2H4LW
c o o o
I n t e r p r e t a t i o n  o f  t h e  map o f  t h i s  f u n c t i o n  w i l l  he  
c o m p l i c a t e d  h y  t h e  h i g h  symmetry  o f  th e  t e t r a g o n a l  
s y s t e m  a n d  h y  t h e  p r e s e n c e  o f  two h ea v y  a toms i n  t h e  
a s y m m e t r i c  u n i t  o f  t h e  c e l l .  Not  o n l y  w i l l  e a c h  o f  
t h e  h e a v y  a to m s  i n  t h e  a sy m m e tr ic  u n i t  he  r e p r e s e n t e d  
i n  t h e  map h y  a  s e t  o f  v e c t o r s  c o r r e s p o n d i n g  to  t h e  
h a s i c  v e c t o r  s e t  o f  t h e  s p a c e  g r o u p ,  h u t  t h e r e  w i l l  a l s o  
hie p e a k s  due to  v e c t o r s  b e tw e e n  h e a v y  a toms n o t  r e l a t e d  
h y  sym m etry  t e n d i n g  to  c o m p l i c a t e  t h e  map. I n  t h e  f u l l  
t h r e e - d i m e n s i o n a l  P a t t e r s o n  s y n t h e s i s  t h e r e  w i l l  he  f i f t y  
s i x  v e c t o r s  b e tw e e n  e ac h  s e t  o f  s y m m e t r i c a l l y  r e l a t e d  
b r o m i n e  a t o m s ,  and  one h u n d r e d  and  t h i r t y  two v e c t o r s  
b e t w e e n  n o n - sy m m e try  r e l a t e d  b ro m in e  a toms ( T a b l e  I ) .
On a c c o u n t  o f  t h e  symmetry  o f  t h e  P a t t e r s o n  f u n c t i o n  
i t  i s  o n l y  n e c e s s a r y  to  c o n s i d e r  s i x  p e a k s  due to  v e c t o r s  
b e t w e e n  e a c h  s e t  o f  s y m m e t r i c a l l y  r e l a t e d  b rom ine  a tom s 
a n d  e i g h t  p e a k s  due to  v e c t o r s  b e tw e e n  n o n - s y m m e t r i c a l l y  
r e l a t e d  b r o m in e  a to m s .  These a r e  shown i n  Tab le  I I .
TABLE I I .
V e c t o r s  to  Be c o n s i d e r e d  
i n  A sym m etr ic  U n i t  o f  P a t t e r s o n  Map.
V e c t o r
C o - o r d i n a t e  
Eound 
U V W
p(uvw)
A r b i t r a r y
U n i t s )
•j?—Sx*l 2 z j 0 . 2 4 , 0 . 5 0 , 0 .1 8 9 . 5
0 . 2 6 , 0 . 5 0 , 0 .3 1 5 . 8
2 x i * 2« i^ * ^ 0  ..28, 0 . 2 7 , 0 . 5 0 7 . 6
i - x i + y i > i - y i - x i > i 0 . 4 8 , 0 . 2 3 , 0 .2 5 1 1 . 4
y i + x x , x^+y-^ 5-5 —2  Z l 0 . 2 6 , 0 . 2 6 , 0 .0 6 2 . 8
y i - x i > y i ~ x i > 2z i 0 . 0 4 , 0 . 0 4 , 0 . 4 4 1 9 . 0
-g—2 Xg)*■§■ ,3:—2 2 Eg 0 . 4 3 , 0 . 5 0 , 0 . 2 1 6 . 8
■g— 53:+ 2 zg 0 . 2 3 , 0 . 5 0 , 0 .2 9 7 . 3
2 x 2 * 2 ^ 2 9 ^ 0 . 0 7 , 0 . 2 4 , 0 . 5 0 8 . 8
2"*Xg4,yg ,i—y g —Xg ,3: 0 . 1 6 , 0 .1 0 , 0 .2 5 5 .1
5r2+X2»x 2 + ^ 2 ^ - 2 z 2 0 . 4 1 , 0 . 4 1 , 0 . 4 6 4 . 2
V2-x2’V2-x2>2z2 0 . 3 4 , 0 . 3 4 , 0 . 0 4 3 .8
Xi+ x s , yx+ y  2  > i +  Z:1  ~ z 2 0 . 4 8 , 0 . 1 5 , 0 . 2 4 6 .5
y x + x g ,Xx+y2 , i r ^ - ^ g 0 . 4 9 , 0 . 1 9 , 0 . 2 0 9 . 5
- y i + y g , - x 1 +x 2 , - z x + z;g 0 . 0 8 , 0 . 2 3 , 0 . 2 6 3 . 4
X g - y x , X x - y g , ^  zx 0 . 2 6 , 0 . 1 1 , 0..30 5 . 8
2 -X x~ys  , 2+yx~Xg »2f+ z,g"” zx 0 . 3 1 , 0 . 2 4 , 0 .4 9 5 . 9
i-y2-y >i“ x g+xx ,*+ z s+ 0 . 3 5 , 0 . 2 7 , 0 .0 5 3 .8
i - x g - x i  , 4 -y s + y x  > i - z 2 ~ zi 0 . 0 2 , 0 . 4 2 , 0 .4 5 8 . 6
i - x g - y x  , i - y g + x x  , i - z g +  zx 0 . 0 1 , 0 . 3 9 , 0 . 0 1 9 . 2
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The ( F ( h k i ) |  2  v a l u e s  were m o d i f i e d  h y  a  f u n c t i o n  
M(S) = |  - f e x p  s i n ^ 0 / A 2 j  ^ and  t h e  v a l u e s  o f  
| F ( h k £ ) |  2  M(S) were  u s e d  a s  t h e  c o e f f i c i e n t s  i n  
t h e  P a t t e r s o n  s y n t h e s i s .  The tw o - d im e n s i o n a l  P a t t e r s o n  
p r o j e c t i o n  down t h e  b - a x i s ,  P(UW), was computed w i t h  
t h r e e  h u n d r e d  a n d  t h i r t y  f i v e  t e r m s .  T h i s  p r o j e c t i o n  
c o n t a i n e d  a g r e a t  many p e a k s  and  c l e a r l y  o f f e r e d  no 
hope  o f  p r o v i d i n g  t h e  h ro m in e  c o - o r d i n a t e s .  A c c o r d i n g l y  
t h e  t h r e e - d i m e n s i o n a l  P a t t e r s o n  map was computed  w i t h  
1190  t e r m s .
The p e a k s  to  h e  e x p e c t e d  on th e  t h r e e  H a r k e r  s e c t i o n s  
o f  t h e  t h r e e - d i m e n s i o n a l  P a t t e r s o n  s y n t h e s i s ,  P(U,-g,W), 
a n d  P ( U ,V ,4 )  a r e ,  i n  t h e m s e l v e s ,  i n s u f f i c i e n t  
t o  d e f i n e  f u l l y  t h e  two s e t s  o f  h ro m in e  c o - o r d i n a t e s .
F b r  e x a m p l e ,  t h e  o c c u r r e n c e  o f  a B r - B r  v e c t o r  a t  2 x , 2 y , ^  
o n  P(U,V ,-J )  d o e s  n o t  d i s t i n g u i s h  t h e  f o l l o w i n g  x , y -  
c o - o r d i n a t e s ,  x , y ;  ^ - x , y ;  x , i+ -y ;  x , y .  I n  a  s i m i l a r
f a s h i o n  t h e  p e a k s  on t h e  s e c t i o n  P(U,-g,W) due to  v e c t o r s :  
a t  and -g-2 y , -g , J + 2 z c o u l d  he  c a u s e d  h y
h r o m i n e  a to m s  h a v i n g  any  o f  t h e  s e t s  o f  x  and  y  co ­
o r d i n a t e s  l i s t e d  ahove .  The v e c t o r s  on th e  s e c t i o n
a t  x * y ,  i - y - x ,  J ,  h o w e v e r ,  e n a b l e  a  d i s t i n c t i o n  
t o  h e  drawn b e tw e e n  on t h e  one hand  t h e  c o - o r d i n a t e s  
( x , y )  o r  ( x , y )  and  on t h e  o t h e r  ( i ~ x , y )  o r  (x , -^+y) .
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P e a k s  i n  g e n e r a l  p o s i t i o n s ,  due to  v e c t o r s  b e tw e e n  
s y m m e t r i c a l l y  r e l a t e d  b r o m in e  a toms e n a b l e  a  f u r t h e r  
d i s t i n c t i o n  i n  t h e  x: a n d  y  c o - o r d i n a t e s  to  be  drawn i f  
t h e  z -  c o - o r d i n a t e s  o f  t h e  b ro m in e  a toms c a n  assume 
c o m p l e t e  f r e e d o m  o v e r  t h e  f o l l o w i n g  e i g h t  p o s i t i o n s ,  
i+z ; ,  -J-z'., i + z ,  J - z ,  f + z ,  - f -z .  I n  t h i s  way, b y  
i n s p e c t i o n  o f  t h e  p e a k s  due to  s y m m e t r i c a l l y  r e l a t e d  
h e a v y  a t o m s ,  t h e  x -  and  y -  c o - o r d i n a t e s  o f  t h e  two 
b r o m i n e  a to m s  c a n  b e  f o u n d .  T h e r e a f t e r ,  any  p o s s i b l e  
i n t e r c h a n g e s  o f  t h e  x -  and  y -  c o - o r d i n a t e s  and  a l l  
p o s s i b l e  p o s i t i o n s  o f  t h e  z -  c o - o r d i n a t e  have  to  b e  
t e s t e d  b y  s t u d y i n g  t h e  v e c t o r  s e t s  due to  a l l  p o s s i b l e  
n o n - e q u i v a l e n t  c o m b i n a t i o n s  and s u p e r i m p o s i n g  them on 
t h e  P a t t e r s o n  f u n c t i o n  to  f i n d  which  g i v e s  t h e  b e s t  
a g r e e m e n t .  D i f f i c u l t y  may a r i s e  i f  t h e  p e a k s  i n  
g e n e r a l  p o s i t i o n s  due to  v e c t o r s  b e t w e e n  h e a v y  a to m s  
r e l a t e d  b y  symmetry  c a n n o t  r e a d i l y  b e  p i c k e d  o u t  f rom 
t h o s e  due  to  v e c t o r s  b e tw e e n  h e a v y  a tom s u n r e l a t e d  b y  
sym m etry .
The s e c t i o n  o f  t h e  t h r e e - d i m e n s i o n a l  P a t t e r s o n  
s y n t h e s i s  P ( U , J ,W ) ,  F i g . I ,  s h o u l d  c o n t a i n  two p e a k s  
due t o  e a c h  s e t  o f  s y m m e t r i c a l l y  r e l a t e d  b ro m in e  a to m s .  
The p e a k s  s h o u l d  b e  a t  ^ - 2 x q ,  i~ 2 z q  and  i - 2 y q ,  
f o r  B r - ^ x ^ ,  y-^, z1 ) and a t  ^ - 2 x s , i ,  i - ^ Z g  and
The t h r e e - d i m e n s i o n a l  P a t t e r  so r; f u n c t i o n ,  
s e c t i o n  P(TJ,- |,W). The c o n t o u r s  a r e  drawn 
a t  a r b i t r a r y  i n t e r v a l s .  The p ea k s  and 
l i n e s  r e f e r r e d  to  i n  t e x t  a r e  m arked  on 
t h e  t r a c i n g ! s h e e t .
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s e c t i o n  P ( U T h e  c o n t o u r s  a r e  drawn 
a t  a r b i t r a r y  i n t e r v a l s .  The p e a k s  and 
l i n e s  r e f e r r e d  to  i n  t e x t  a r e  m arked  on 
t h e  t r a c i n g  s h e e t .
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F i g . I I . The t h r e e - d i m e n s i o n a l  P a t t e r s o n  f u n c t i o n .  
S e c t i o n s :  a
h .
C o n to u r  l e v e l s  a r e  a r b i t r a r y .  The 
p e a k s  m e n t i o n e d  i n  t e x t  a r e  shown.
i n isJLUXi .j . ro.
).  p ( u . v , i )
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P i g , I I I . The t h r e e - d i m e n s i o n a l  P a t t e r s o n  f u n c t i o n ,  
s e c t i o n  P (U ,0 ,W ) .  C o n to u r  l e v e l s  a r e  
a r b i t r a r y ,  t h e  l e v e l s  a t  t h e  o r i g i n  hav e  
b e e n  o m i t t e d .  The p e a k s  m e n t i o n e d  i n  
t h e  t e x t  a r e  m arked  on t h e  p h o t o g r a p h .
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i - 2 y 2 , i f  i + S z ^  f o r  B r 2 ( x 2 , y 2 , z-2 ) .  The i d e a l  v e c t o r  
s e t  on  t h i s  s e c t i o n  w ou ld  h e  two p e a k s  f o r  e a c h  h e a v y  
a tom  a t  an  e q u a l  an d  o p p o s i t e  d i s t a n c e  f rom t h e  l i n e
The l a r g e  p e a k  (A) t h a t  o c c u r s  a t  ^ / .  i s  soon  to  
h e  r e c o g n i s e d  a s  r e p r e s e n t i n g  v e c t o r s  l y i n g  on t h e  
s e c t i o n  P ( U , V , ^ ) ,  so i t s  p r e s e n c e  on th e  s e c t i o n  P(U ,^ ,W ) 
p r o h a h l y  h a s  no s p e c i a l  s i g n i f i c a n c e .  I t  i s  n o t  
s y m m e t r i c a l  a h o u t  ^  and  t h e r e  may he a g en u in e  I i a r k e r  
p e a k  a t  ( i ) .  I n  t h e  r e g i o n  o f  t h e  s e c t i o n ,  W = 0 -> 
t h e  two l a r g e s t  p e a k s  ares (B) and ( C ) ,  (b )  i s  a t t e n u a t e d  
a n d  may r e p r e s e n t  two v e c t o r s ,  w h i l e  n e a r  (C) t h e r e  i s  a 
s m a l l e r  maximum a t  ( P ) .  I n  t h e  r e g i o n  o f  t h e  s e c t i o n  
W =; 3: t o  i 9 t h e  l a r g e s t  p e a k s  a r e  (D) and  ( E ) ,  n e i t h e r  
o f  w h ic h  c a n  c o r r e s p o n d  to  e i t h e r  (B) o r  (C ) .  While 
no p e a k  ca n  h e  f o u n d  a t  an e q u a l  and  o p p o s i t e  d i s t a n c e  
f ro m  a s  ( E ) ,  t h e  p e a k s  ( ! )  o r  (p )  c o u l d  r e p r e s e n t  
t h e  com plem ent  o f  (D ) .  S i m i l a r l y ,  (G-) o r  (H) c o u l d  
c o r r e s p o n d  to  e i t h e r  ( b )  o r  (C ) .
The H a r k e r  s e c t i o n  P ( U , Y , ^ ) ,  P i g . I l ( a ) ,  s h o u ld  
c o n t a i n  f o u r  p e a k s  a t  x^ - y ^ ,  i - x i + y q ;  i - x g - y g j i - x g - f y 2 ; 
i - x 1 + y x , i - x g + y g ,  i - x 2 - y g ; th e  f i r s t  two ^ e i ng
r e l a t e d  t o  t h e  l a s t  two h y  symmetry. The m o s t  o h v i o u s
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c h o i c e s  a r e  t h e  p e a k  (A! ) ,  i . e .  t h e  p e ak  t h a t  o c c u r s  
o n  P(U,- | ,W) an d  t h e  p e a k  (B! ) .  These p e a k s  c o r r e s p o n d  
t o  a b o u t  t h e  same h e i g h t ,  a l l o w i n g  f o r  t h e  f a c t  t h a t ( A !) 
i s  made u p  o f  two u n r e s o l v e d  v e c t o r s  r e l a t e d  b y  a m i r r o r  
p l a n e ;  t h e s e  two u n r e s o l v e d  v e c t o r s  n e ed  n o t  b e  
c o i n c i d e n t  w i t h  • The f o r t h c o m i n g  d i s c u s s i o n  w i l l  
b e  s i m p l i f i e d  b y  a s su m in g  t h a t  (A* ) r e p r e s e n t s  t h e  
v e c t o r  J - x ^ - y ^ ,  4 -x ^ + y g  a ^d  t h a t  (B’ ) r e p r e s e n t s  t h e  
v e c t o r  i - x 2 - y 2 , i - x 2 + y 2 .
On t h e  s e c t i o n  P (U ,V , -J ) ,  F i g . I l { b ) ,  t h e r e  s h o u l d  b e  
f o u r  p e a k s  a t  Sx-^, 2 y1 ; 2 x 2 , 2 y 2 ; 2 y-j_, 2x^;  2 y 2 , 2 x ; 
t h e  f i r s t  two b e i n g  r e l a t e d  to  t h e  l a s t  two b y  symmetry .  
The p e a k s  (A” ) an d  (B ,!) were p i c k e d  a s  b e i n g  th e  m o s t  
l i k e l y  t o  r e p r e s e n t  t h e s e  v e c t o r s .  These two p e a k s  
c a n  b e  made to  c o r r e s p o n d  w i t h  t h e  p e a k s  (A*) and  (B* ) 
f ro m  t h e  s e c t i o n  P ( U ,V ,^ )  i f  t h e  y -  c o - o r d i n a t e  o b t a i n e d  
f o r  B r 2  f ro m  p e a k  (B tf) on th e  s e c t i o n  P (U ,V ,^ )  i s  ch an g e d  
t o  i - y .
The s e l e c t i o n  o f  p e a k s  f rom t h e  s e c t i o n s  P ( U ,V ,^ )  
a n d  P ( .U ,V , i )  n a r ro w s  th e  s e a r c h  f o r  t h e  B r -B r  v e c t o r s  
o n  t h e  s e c t i o n  P(U,4 ,W) to  t h o s e  t h a t  l i e  on t h e  l i n e s  
d raw n o n  F i g . I .  The p e a k s  ( C ) ,  (F )  and  (E)  a l l  l i e  on 
t h e  l i n e  f o r  t h e  v e c t o r  ( i - 2 x g , i ,  i ~ 2 z 2 ) w h i l e  on t h e
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c o r r e s p o n d i n g  l i n e  f o r  t h e  v e c t o r  ( i - 2 y g , i , .  J + 2 z g ) t h e  
p e a k s  (H) a n d  (D) c o u l d  m a tc h  (c) and (p )  r e s p e c t i v e l y .
I n  t h e  c a s e  o f  t h e  o t h e r  b ro m in e  atom, t h e  p e a k s  (B) and 
( I )  c o u l d  h e  m a t c h e d  w i t h  (H) o r  (D) r e s p e c t i v e l y .
The em e rg e n c e  o f  s e v e r a l  a l t e r n a t i v e  h e a v y  atom 
c o - o r d i n a t e s  f rom  a s t u d y  o f  t h e  t h r e e  H a r k e r  s e c t i o n s  
l e d  t o  a  s e a r c h  f o r  p e a k s  due to  B r -B r  v e c t o r s  i n  g e n e r a l  
p o s i t i o n s  i n  t h e  P a t t e r s o n  map. I n  p a r t i c u l a r ,  s p e c i a l  
a t t e n t i o n  was g i v e n  to  t h e  s e c t i o n  P(U,0,W) a s  t h e  
o c c u r r e n c e  o f  a  g r e a t  many p e a k s  on th e  s e c t i o n  P(U,-g,W) 
when o n l y  f o u r  a r e  to  h e  e x p e c t e d  s u g g e s t s  t h a t  t h e  v a l u e s  
o f  some o f  t h e  c o - o r d i n a t e s  ( x ^ ,  y ^ ,  x g , y g ) m u s t  h e  v e r y  
s i m i l a r  an d  c o n s e q u e n t l y  a c o n c e n t r a t i o n  o f  v e c t o r s  can  
h e  e x p e c t e d  on  P (U ,0 ,W ) .  T h i s  s e c t i o n  i s  shown i n  P i g . I I I .
T h e re  a r e  s e v e r a l  l a r g e  p e a k s  on t h i s  s e c t i o n ,  h u t  
a l l  t h o s e  t h a t  r e p r e s e n t  v e c t o r s  l e s s  t h a n  4 % can  h e  
s a f e l y  n e g l e c t e d .  There  a r e  t h r e e  p e a k s  (A*” ) ,  ( B'"  ) 
an d  (C1’ 1) w h ich  p r o b a b l y  r e p r e s e n t  B r -B r  v e c t o r s ;  o f  t h o s e  
(A, f i ) i s  o f  p a r t i c u l a r  i n t e r e s t  a s  U = V s u g g e s t i n g  t h a t  
i t  r e p r e s e n t s  one o f  t h e  v e c t o r s  b e tw e e n  s y m m e t r i c a l l y  
r e l a t e d  b r o m in e  a toms a t  (x».y, xt-y, ^ - 2 z) o r  ( y - x ,  y - x ,  2 z ) .  
T a k in g  (Aftf) a s  r e p r e s e n t i n g  t h e  v e c t o r  ( y - x ,  y - x ,  2 z) f o r
a n d  t h e  p e a k s  (B) and  (H) a s  r e p r e s e n t i n g  ( i - 2 x ,  i ,  i - 2 z )  
and  ( i - 2 y ,  i+ 2 z )  r e s p e c t i v e l y  w i l l  g iv e  a c o n s i s t e n t
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s e t  f o r  x-^, y^ 9 zi*  F u r t h e r m o r e , a s  (H) i s  n o t  a v e r y  
h i g h  p e a k ,  i t  i s  u n l i k e l y  to  r e p r e s e n t  two v e c t o r s  on 
t h e  s e c t i o n  P(.TJ,£,W). On t h i s  a s s u m p t io n ,  t h e  m o s t  
l i k e l y  p e a k s  to  r e p r e s e n t  t h e  v e c t o r s  i - S x 2 , £ £ - 2 z^ and  
i - 2 y 2-, £ ,  £ + 2 z 2  a r e  ( p )  and  (D) r e s p e c t i v e l y .  T h i s  
s o l u t i o n  o f  t h e  P a t t e r s o n  g i v e s  th e  m os t  p r o b a b l e  b a s i c  
s e t  o f  c o - o r d i n a t e s  f o r  b o t h  b rom ine  atoms (T a b le  I I I ) .
The h e i g h t s  and  c o - o r d i n a t e s  o f  th e  p e a k s  to  b e  e x p e c t e d  
f ro m  sym m etry  r e l a t e d  b r o m in e  atoms a r e  g iv e n  i n  T a b le  I I .
'Prom t h i s  b a s i c  s e t  o f  c o - o r d i n a t e s ,  t h e  a c t u a l  
c o - o r d i n a t e s  were  d e r i v e d  b y  c o n s i d e r i n g  th e  p e a k s  due 
to  i n t e r a c t i o n s  b e tw e e n  b ro m in e  a to m s ,  u n r e l a t e d  b y  
sy m m etry .  A p r o c e s s  o f  t r i a l  and e r r o r  was f o l l o w e d ,  
c o n s i d e r i n g  a l l  t h e  p o s s i b l e  n o n - e a u i v a l e n t  s e t s  o f  
c o - o r d i n a t e s  r e l a t e d  b y  symmetry to  th e  b a s i c  s e t .
One s e t  o f  s u c h  c o - o r d i n a t e s  gave v e c t o r s  t h a t  c o r r e s p o n d e d  
to  h i g h e r  v a l u e s  o f  t h e  f u n c t i o n  P(UVW) t h a n  any  o f  th e  
o t h e r s .  The c o - o r d i n a t e s  o f  t h e s e  v e c t o r  p e a k s  a r e  
g i v e n  i n  T a b le  I I ,  a s  a r e  t h e  v a l u e s  o f  th e  f u n c t i o n  
P(UVW) c o r r e s p o n d i n g  to  t h e s e  p e a k s .  The c o - o r d i n a t e s  
o f  t h e  b r o m i n e  a toms t h u s  o b t a i n e d  a r e  g i v e n  i n  Tab le  I I I .
O f  t h e  p e a k s  o c c u r r i n g  on t h e  s e c t i o n  P(U, £ ,  W) 
o t h e r  t h a n  t r u e  H a r k e r  p e a k s ,  t h e  peak  ( I )  and  th e
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a t t e n u a t i o n  o f  (B) can  "be a c c o u n t e d  f o r  "by v e c t o r s  
B e tw e e n  n o n - s y m m e t r i c a l l y  r e l a t e d  b rom ine  a to m s ,  w h i l e  
o n  t h e  s e c t i o n  P ( U ,0 ,W ) ,  two o f  th e  h e a v i e r  p e a k s  (Bm ) 
a n d  (C,ft) o n  F i g . ( v )  a r e  due to  v e c t o r s  b e tw e e n  n on-  
s y m m e t r i c a l l y  r e l a t e d  a to m s .
TABLE I I I  
The B a s i c  and  F i n a l  S e t s  o f
Brom ine  C o - o r d i n a t e s  a s  f r a c t i o n s  o f  ' the 
U n i t  u e l l .
* 1 *X Z1 x 2 ^ 2 z 2
B a s i c S e t 0 .X50 0 . 1 1 5 0 .2 2 3 0 .0 3 8 0 .3 3 8 0 .0 1 7
P i n a l S e t 0 .X50 0 . 1 1 3 0 .2 2 3 0 .3 3 8 0 .0 3 8 0 .4 8 3
H.B.  The n u m ber ing  o f  t h e s e  two a toms does
n o t  c o r r e s p o n d  to  t h e  ch e m ic a l  num ber ing  
g i v e n  i n  t h e  d i s c u s s i o n ,  e t c .
TABLE IV.
3-D P a t t e r s o n  S y n t h e s i s
j s  Br  atoms
S. P. I  ( B 0  = 4 ,  R = 48%)
P o u r i e r  I  (1027 t e rm s )
I 16 C atoms 
J/ + 2 Br atoms
S. P. I I .  ( B 0  = 4 ,  R = 39%)
P o u r i e r  I I  (1075 t e rm s )
I 30 C atoms 
|  + 2 Br  atoms
S. P. I l l  ( b@ = 5 ,  R = 31%)
P o u r i e r  I I I  (1114  t e r m s )
29 C, 4 0 , 4R + 2 Br atoms
S .P .  IV (B 0  =. 5 . 5 ,  R = 26%)
P o u r i e r .  IV (1184 t e r m s )
29 C, 4 0 ,  4 B, 2 Br  atoms
S .P .  V (B = 6 , R = 22%)
P o u r i e r  V ( a l l  1190 t e r m s )  PQ + Pc s y n t h e s e s
30 0 ,  4 0 ,  4 N, 2 Br a toms 
S .P .  VI ( B 0  = 6 , R a: 20%)
P D u r i e r  VI ( a l l  t e r m s )  PQ + Pc s y n t h e s i s  
a l l  a toms
-  Cont  * d -
TABLE IV. ( C o n t ' d  )
S. F. V I I  ( B q = 6 .75  f o r  B r ,  6 . 4 2  o t h e r
a tom s;  R = 19%)
F o u r i e r  VTI (Fq + Fc s y n t h e s e s )
a l l  atoms
S. F. VTII  ( I n d i v i d u a l  B v a l u e s ,  R =: 18.1%) 
L e a s t  S q u a r e s  C yc le  I .
F i n a l  S t r u c t u r e  F a c t o r  C a l c u l a t i o n  
( I n d i v i d u a l  I s o t r o p i c  B ^  v a l u e s ,
R = 16.8% )
i
I I .  The S o l u t i o n  o f  th e  S t r u c t u r e .
^  f  ^The r a t i o  f o r  t h e  jD-hromo p h e n y l  h y d r a z i n e
^ fL
d e r i v a t i v e  o f  b y s s o c h l a m i c  a c i d  i s  1 . 5 6 8 .  T h i s  v a l u e  
i n d i c a t e s  t h a t  t h e  deteDominat ion  o f  p h a s e s  b y  c a l c u l a t i o n  
o n  t h e  "b a s i s  o f  t h e  h r o m in e  p o s i t i o n s  s h o u l d  he  c l o s e r  
t o  t h e  t r u e  p h a s e s  t h a n  i n  t h e  c a s e  o f  c l e r o d i n  h r o m o l a c t o n e .
S t r u c t u r e  f a c t o r s  c a l c u l a t e d  from t h e  p o s i t i o n s  o f  
t h e  h r o m i n e  a to m s  showed a  d i s c r e p a n c y  be tw een  o b s e r v e d  
a n d  c a l c u l a t e d  v a l u e s  o f  48fo. Some d i f f i c u l t y  was 
e n c o u n t e r e d  i n  a t t e m p t i n g  to  c a l c u l a t e  an e l e c t r o n  
d e n s i t y  d i s t r i b u t i o n  on t h e  b a s i s  o f  t h e  h e a v y  atom 
p h a s e s  and  o b s e r v e d  s t r u c t u r e  a m p l i t u d e s ,  a s  t h e  DEUCE 
F o u r i e r  s e r i e s  p ro g ra m  c o u l d  n o t  h a n d le  t h e  F o u r i e r  
e x p r e s s i o n  f o r  t h e  s p a c e  g ro u p  V4^2^2  i n  t h e  no rm a l  
m a n n e r .  The m o s t  c o n v e n i e n t  way o f  co m p u t in g  a  F o u r i e r  
s e r i e s  f o r  t h i s  s p a c e  g ro u p  i s  t o  r e d u c e  t h e  p o i n t  g r o u p  
o f  t h e  c r y s t a l  f rom  422 to  i t s  s u b - g r o u p  222.  ( T h i s  was 
done  a t  t h e  s u g g e s t i o n  o f  Dr.  T .A .H a m o r . ) I t  i n v o l v e s  
d o u b l i n g  t h e  number o f  a tom s i n  t h e  a s y m m e t r i c  u n i t  and 
i n c l u d i n g  more  t h a n  t h e  b a s i c  n o n - e q u i v a l e n t  s e t  o f  
FQ(hk(L) v a l u e s .  U nder  t h e s e  c o n d i t i o n s ,  and  i f  t h e  
o r i g i n  i s  c h a n g e d  to  Q-, 0 , f ) ,  t h e  s p a c e  g ro u p  becom es
e f f e c t i v e l y  ^wo m o l e c u l e s  i n  t h e
a s y m m e t r i c  u n i t ;  t h e s e  m o l e c u l e s  s h o u l d  p r o v e  
i d e n t i c a l  i f  t h e  m u l t i p l i c i t i e s  o f  t h e  t e t r a g o n a l  
s y s t e m  a r e  p r e s e r v e d .
The f i r s t  F o u r i e r  map was t h e n  computed  w i t h  
1027  t e r m s  t o g e t h e r  w i t h  t h o s e  g e n e r a t e d  b y  t h e  
m u l t i p l i c i t i e s  o f  t h e  s y s t e m .  S e v e r a l  c h e m i c a l  
f e a t u r e s  c o u l d  be  i d e n t i f i e d  i n  i t .  A f iv e -m e m b e r e d  
r i n g  ( IV )  w i t h  a s u b s t i t u e n t  on  e a c h  atom seemed to  
i n d i c a t e  t h a t  t h e  d e r i v a t i v e  fo rm ed  w i t h  p - b r o m o p h e n y l -  
h y d r a z i n e  p r e s e r v e d  t h e  f iv e -m e m b e r e d  r i n g  o f  t h e  p a r e n t  
a n h y d r i d e  ( I I ) .  By f o l l o w i n g  t h e  d i r e c t i o n  o f  t h e  
C ( l 5 )  -  C (1 6 )  b o n d ,  s e v e r a l  o t h e r  e l e c t r o n  d e n s i t y  
maxima c o u l d  b e  d i s c e r n e d  i n  c h e m i c a l l y  a c e p t a b l e  s i t e s .
x BrCa’)
The two a to m s  0 ( 3 )  and  0 ( 4 )  d i d  n o t  a p p e a r  to  b e  a t t a c h e d  
to  a n y  o t h e r  a to m s ,  so i t  was assum ed t h a t  t h e y  were
N
( IV )
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p r o b a b l y  t h e  o x y g en  a tom s  a t t a c h e d  to  t h e  f iv e -m e m b e r e d  
r i n g .  I t  was e v i d e n t  t h a t  one o f  t h e  "bromine a to m s ,  
B r ( l ) ,  was a t t a c h e d  to  a  "benzene r i n g  w h ich  h a d  a 
s u b s t i t u e n t  i n  t h e  p a r a  p o s i t i o n ,  a l t h o u g h  two o f  t h e  
a t o m s ,  0 ( 2 2 )  an d  0 ( 2 3 )  i n  t h e  s ix -m em b ered  r i n g  were  
n o t i c e a b l y  o u t  o f  t h e  p l a n e  o f  t h e  r i n g .  The p o i n t  
o f  a t t a c h m e n t  o f  t h e  o t h e r  b ro m in e  a tom,  B r ( 2 ’ ) ,  c o u l d  
n o t  b e  d i s c e r n e d .  A l t h o u g h  t h e  c o m p le te  s t r u c t u r e  was 
n o t  a p p a r e n t  f rom  t h i s  map, th e  amount o f  g e n u in e  d e t a i l  
shown i n  t h e  map c o n f i r m e d  th e  c h o i c e  o f  b ro m in e  
c o - o r d i n a t e s  an d  a l l o w e d  s i x t e e n  a toms o t h e r  t h a n  
b r o m i n e  to  be  s e l e c t e d  f o r  i n c l u s i o n  i n  t h e  n e x t  
s t r u c t u r e  f a c t o r  c a l c u l a t i o n .  These were  t h e  a tom s  
C ( 1 3 ) , C ( 1 4 ) ,  0 ( 1 5 ) ,  0 ( 1 6 ) ,  0 ( 1 7 ) ,  C ( l 8 >, 0 ( 1 9 ) ,  C ( S 0 ) ,  
0 ( 2 1 ) ,  0 ( 2 4 ) ,  N ( l ) ,  N ( 2 ) ,  N ( 3 ) ,  N ( 4 ) ,  0 ( 3 )  and  0 ( 4 ) .
The s e c o n d  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  c a u s e d  a 
d r o p  i n  t h e  d i s c r e p a n c y  f rom  48% to  39?o, and  1075 t e r m s  
w ere  u s e d  to  compute a  s e c o n d  P o u r i e r  s y n t h e s i s .  A l l  
t h e  a to m s  i n c l u d e d  i n  t h e  p r e v i o u s  c y c l e  came up  to  a  
s a t i s f a c t o r y  h e i g h t .  By f o l l o w i n g  t h e  c h a i n  o f  a tom 
s i t e s  a t t a c h e d  to  0(15), a  n in e -m e m b e re d  r i n g  c o u l d  b e  
s e e n  r e - j o i n i n g  t h e  f iv e - m e m b e r e d  r i n g  a t  0(14) (v). 
F u r t h e r m o r e ,  t h e  o u t l i n e  o f  a s e c o n d  f iv e -m e m b e r e d  r i n g  
c o u l d  b e  d i s t i n g u i s h e d  j o i n i n g  t h e  n in e -m e m b e re d  r i n g
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a t  C (5 )  a n d  C ( 6 ) .  T h i s  s e c o n d  f i v e  -membered r i n g  
c o n t a i n e d  W (l)  an d  was a t t a c h e d  to  t h e  p l a n a r  and  
s ix - m e m b e r e d  r i n g  f o u n d  i n  t h e  f i r s t  I b u r i e r  map b y  
m eans  o f  t h e  n i t r o g e n  a tom N ( 2 ) .  One o f  t h e  s u p p o s e d  
o x y g e n  a to m s  a t t a c h e d  to  t h i s  f iv e -m e m b e r e d  r i n g  was 
c o n s i d e r a b l y  o u t  o f  t h e  p l a n e  o f  t h e  o t h e r  a toms
c o m p r i s i n g  t h e  ( - C  OcT ) g roup  a t  t h i s  s t a g e  i n
t h e  p h a s i n g  c a l c u l a t i o n s ,  so i t  was n o t  i n c l u d e d  i n  
t h e  n e x t  c y c l e  o f  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s .  An 
a to m ,  C ( 2 ) ,  c o u l d  h e  s e e n  a t t a c h e d  to  0 ( 3 )  and  t h e r e  
w ere  s e v e r a l  o t h e r  maxima i n  t h i s  r e g i o n  w hich  m i g h t  
p r o v e  to  r e p r e s e n t  g e n u i n e  a to m s ,  i n c l u d i n g  some 
e v i d e n c e  f o r  a  f o u r - m e m b e re d  r i n g .  The two a tom s
Z.3
X
Bn
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(V)
C (2 2 )  a n d  C(25)  o f  t h e  p l a n a r  s ix -m em b e re d  r i n g  o m i t t e d  
i n  t h e  s e c o n d  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  b e c a u s e  t h e y  
w ere  o u t  o f  t h e  p l a n e  o f  t h e  r i n g  h a d  moved to  more
a c c e p t a b l e  p o s i t i o n s .  I t  was a l s o  e v i d e n t  t h a t  t h e  
h r o m i n e  a to m ,  B r ( 2 T) ,  n e a r e s t  to  N(3') and  N(4)  was i n  
f a c t  to o  n e a r  them to  h e  a t t a c h e d  to  them v i a  a b e n z e n e  
r i n g  b o n d e d  t o  W (4) .  However ,  a s y m m e t r i c a l l y  r e l a t e d  
b r o m i n e  a to m ,  B r ( 2 ) ,  c o u l d  b e  s e e n  a t  a b o u t  t h e  c o r r e c t  
d i s t a n c e  ( 5 . 6  -  6 . 0  2.) f rom  N ( 4 ) .  The d e t a i l s  o f  t h i s  
s ix - m e m b e r e d  r i n g  r e m a i n e d  r a t h e r  i n d i s t i n c t ,  o n l y  t h r e e  
a to m s  b e i n g  s u f f i c i e n t l y  c l e a r  to  w a r r a n t  i n c l u s i o n  i n  
t h e  p h a s i n g  c a l c u l a t i o n s .  The p a r t i a l  s t r u c t u r e  
o b t a i n e d  a t  t h i s  s t a g e  i s  shown i n  (V ) .
A l l  t h i r t y  l i g h t  a tom s  m ark e d  i n  (v) were i n c l u d e d  
i n  t h e  t h i r d  c y c l e  o f  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s .
T h i s  c a l c u l a t i o n  gave a d i s c r e p a n c y  b e tw e e n  o b s e r v e d  
a n d  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s  o f  51$.  Prom t h e  
o u t p u t  o f  t h i s  c a l c u l a t i o n ,  a P o u r i e r  s e r i e s  was e v a l u a t e d  
w i t h  1 1 1 4  t e r m s .
I n  a d d i t i o n  to  t h e  t h i r t y  l i g h t  a tom s o t h e r  t h a n  
h y d r o g e n  shown i n  (V ) ,  t h e  p o s i t i o n s  o f  f o u r  o f  t h e  
r e m a i n i n g  e i g h t  a toms a r e  r o u g h l y  known ( i . e .  t h e r e  a r e  
t h r e e  a to m s  i n  a b e n z e n e  r i n g  and  t h e  oxygen  atom a t t a c h e d  
t o  c(8) .  Prom t h e  f o r m u l a  o f  t h e  d e r i v a t i v e  i t  c a n  b e  
shown t h a t  t h e r e  s h o u l d  b e  s e v e n t e e n  d o u b le  b o n d  
e q u i v a l e n t s  i n  t h e  m o l e c u l e ,  o f  w h ich  f i f t e e n  can  b e
a c c o u n t e d  f o r .  A t  t h i s  t i m e ,  i n f o r m a t i o n  came to  h a n d
a b o u t  t h e  s t r u c t u r e  o f  g l a u c o n i c  a c i d  (CpgHgQO^), on
w h ic h  P r o f e s s o r  B a r t o n  h a d  b e e n  w o rk in g .  T h i s  compound
i s  r e l a t e d  t o  t h e  g l a u c a n i c  a c i d  i s o l a t e d  b y  Wijkman.
The s t r u c t u r e  o f  g l a u c o n i c  a c i d  i s  shown i n  ( V I ) .
(The  s t e r e o c h e m i s t r y  was 
n o t  a t  t h i s  t im e  k n o w n . )
I n  t h e  p r e s e n t  c o n t e x t ,  
t h e  two m o s t  i n t e r e s t i n g  
f e a t u r e s  o f  t h i s  s t r u c t u r e  
a r e  t h e  d o u b le  b o n d s  i n  t h e  
n in e - m e m b e re d  r i n g  an d  t h e  
e t h y l  g r o u p s  a t t a c h e d  to  
t h e  r i n g .  T h i s  i n f o r m a t i o n  
p r o v e d  h e l p f u l ,  i n  t h a t  t h e  p r e s e n c e  o f  two d o u b le  b o n d s  
i n  t h e  n in e -m e m b e re d  r i n g  o f  b y s s o c h l a m i c  a c i d  was soon 
e s t a b l i s h e d  to  a c c o u n t  f o r  t h e  l a s t  two d o u b le  b o n d  
e q u i v a l e n t s ;  i t  a l s o  p r o v e d  m i s l e a d i n g  i n  t h a t  a  r a t h e r  
t o o  c o n s c i o u s  s e a r c h  f o r  e t h y l  g r o u p s  was u n d e r t a k e n .
I n  t h e  t h i r d  P o u r i e r  map ( V I I ) ,  t h e  l a s t  t h r e e  a tom s  
o f  t h e  b e n z e n e  r i n g  an d  t h e  o x y g en  atom a t t a c h e d  to  C( 8 ) 
w e re  c l e a r l y  d i s t i n g u i s h a b l e ,  b u t  t h e  r e m a i n i n g  f o u r  
a to m s  p r o v e d  more d i f f i c u l t  t o  l o c a t e .  The re  was a  p e a k
OH
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C ( l )  c l o s e  t o  0 ( 2 )  a n d  t o g e t h e r  t h e s e  a tom s  w ould  fo rm  
an  e t h y l  g r o u p  a t t a c h e d  to  0 ( 3 ) .  The t r a c e s  o f  a  f o u r -  
m em bered  r i n g  i n  t h i s  r e g i o n  o f  t h e  m o l e c u l e  were l e s s  
p r o n o u n c e d  o n  t h i s  map. The re  was q u i t e  a h i g h  p e a k  
0 ( 1 0 *) a t  a d i s t a n c e  o f  a b o u t  2 . 3  % f rom  0 ( 4 )  a n d  t h i s ,  
c o u p l e d  w i t h  a  s m a l l e r  maximum 0 ( 1 1 ’ ) n e a r e r  0 ( 4 ) 
s u g g e s t e d  t h e  p o s s i b i l i t y  o f  an e t h y l  g ro u p  a t t a c h e d  to  
0 ( 4 )  ( c . f .  g l a u c o n i c  a c i d ) .  The v a l u e s  o f  t h e  p e a k
.22 Br
N.B. 0 ( 1 1 '  ) and  X
were n o t  i n c l u d e d  
i n  f o u r t h  c y c l e .
( V I I )
h e i g h t s  o f  t h e s e  a tom s i n  t h e  s e c o n d  and  t h i r d  F o u r i e r  
maps  a r e  l i s t e d  i n  T a b le  V.
TABLE V.
--------------------------------------  O r ,
( P e a k  H e i g h t s  i n  e l e c t r o n s / A . )
0 ( 2 ) 0 ( 1 ) 0 ( 1 1 *) o o X
F o u r i e r I I 2.B5 1 . 9 2 1 . 5 2 1 .3 5 1 . 4 4
F o u r i e r I I I 5 . 0 3 2 .3 7 1 .3 9 2 . 2 4 1 . 4 8
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A n o t h e r  p e a k ,  C (1 2 )  c o u l d  h e  s e e n  a t t a c h e d  to  0 ( 1 5 )  a n d
Og
came u p  to  a h e i g h t  o f  2 . 8 5  e l e c t r o n s / A  , an d  a f u r t h e r  
o
1 . 5  A away f rom  t h i s  p e a k  t h e r e  was a n o t h e r  p e a k  o f  
°
2 . 1 5  e l e c t r o n s / A 3  w h ich  m i g h t  h e  a  d i f f r a c t i o n  Tr i p p l e *  
f ro m  one  o f  t h e  h r o m in e  a tom s  a s  i t  h a d  s i m i l a r  y -  an d  
je- c o - o r d i n a t e s .
On t h e  a s s u m p t i o n  t h a t  t h e r e  a r e  two d o u b le  h o n d s  
i n  t h e  n in e -m e m b e re d  r i n g ,  m o d e l s  o f  t h e  v a r i o u s  p o s s i b l e  
s t r u c t u r e s  were  c o n s t r u c t e d .  I t  was f o u n d  t h a t  t h e  
o n l y  m ode l  t h a t  c o u l d  s i m u l a t e  t h e  r e a l  c o n f o r m a t i o n  
o f  t h e  r i n g  was one w i t h  d o u b le  h o n d s  b e t w e e n  C (5 )  and  
C ( 6 ) ,  a n d  C ( l 4 )  a n d  C ( l 5 ) . .  These  l o c a t i o n s  f o r  t h e  
d o u b l e  b o n d s  were s u b s t a n t i a t e d  b y  t h e  c l o s e  p l a n a r i t y  
o f  t h e  two p a r t s  o f  t h e  m o l e c u l e  o f  t h e  t y p e  shown i n  
( V I I I ) .
Atoms C(1 0 ' ) ,  0 ( 1 2 ) ,  0 ( 1 ) ,  
0 ( 3 8 ) ,  0 ( 2 9 ) ,  0 ( 3 0 ) ,  and  
0 ( 1 ) t o g e t h e r  w i t h  t h o s e  
i n c l u d e d  i n  t h e  t h i r d  
s t r u c t u r e  f a c t o r  c a l c u l a t i o n  
were used, to  c a l c u l a t e  t h e
( V I I I )  p h a s e s  f o r  t h e  n e x t  T b u r i e r
s y n t h e s i s .  By o m i t t i n g  0 ( 1 1 * )  and  i n c l u d i n g  C ( lO ’ ) ,  a 
d e c i s i v e  t e s t  o f  t h e  c o r r e c t n e s s  o f  p l a c i n g  an e t h y l  g ro u p
8 0 .
a t  C (4 )  c o u l d  b e  made.  The F o u r i e r  map so o b t a i n e d  
p r o v i d e d  c l e a r  e v i d e n c e  t h a t  t h e r e  was no e t h y l  g ro u p  
a t t a c h e d  t o  0 ( 4 ) .  The p e a k  0 ( 1 0 ' ) ,  a l t h o u g h  i n c l u d e d  
i n  t h e  p h a s i n g  c a l c u l a t i o n s ,  o n l y  came up to  a  h e i g h t  
o f  2 . 1  e l e c t r o n s / ^  com pared  to  o v e r  4 . 0  e l e c t r o n s / ^ / 5 
f o r  t h e  m a j o r i t y  o f  t h e  o t h e r  c a r b o n  a to m s .  T h i s  
i n d i c a t e s  t h a t  t h e  p e a k  i s  a s p u r i o u s  e f f e c t  due to  
i n a c c u r a t e  p h a s i n g .  The p e a k  C ( l l f ) came up  to  a
C ( l 2 )  came up  to  a h e i g h t  o f  2 .6 1  e l e c t r o n s / S . 3 . The 
two a to m s  0 ( 1 1 )  an d  0 ( 1 2 )  w o u ld ,  t h e r e f o r e ,  a p p e a r  to
fo rm  an  e t h y l  g ro u p  a t t a c h e d  to  C ( l b ) .  The p o s s i b i l i t y  
o f  c ( l l *  ) b e i n g  a g e n u in e  m e t h y l  g roup  was t e s t e d  b y  
c a l c u l a t i n g  o v e r  one  h u n d r e d  s t r u c t u r e  f a c t o r s  on  t h e  
b a s i s  o f  t h e  o t h e r  t h i r t y  s e v e n  l i g h t  a toms t o g e t h e r  
w i t h  t h e  two b r o m in e  a tom s  ( a )  w i t h  G ( l l f ) i n c l u d e d ,  
a n d  ( b )  w i t h o u t  0 ( 1 1 * ) .  The l a t t e r  c a l c u l a t i o n  gave  
a  s i g n i f i c a n t l y  l o w e r  R- f a c t o r  and  i t  was t h e r e f o r e  
c o n s i d e r e d  t h a t  0 ( 1 1 * )  was a  f a l s e  p e a k .
A f u r t h e r  c y c l e  o f  s t r u c t u r e  f a c t o r  an d  F o u r i e r  
c a l c u l a t i o n  was c a r r i e d  o u t ,  F o u r i e r  s y n t h e s e s  b e i n g  
e v a l u a t e d  w i t h  b o t h  | F q | a n d | F c | a s  c o e f f i c i e n t s  w i t h  
t h e  c a l c u l a t e d  p h a s e s .  An a tom ,  C(10)  was l o c a t e d
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a t t a c h e d  to  C ( l l ) ,  w i t h  a h e i g h t  o f  S . 35 e l e c t r o n s / ? 3
P  3i n  t h e  FQ map and  l e s s  t h a n  1 e l e c t r o n / A  i n  t h e  Fc 
map.  T h i s  a tom fo rm s  a n - p r o p y l  g roup  w i t h  C ( l l )  and  
0 ( 1 2 )  a t t a c h e d  to  C ( 1 3 ) .  The s t r u c t u r e  and  r e l a t i v e  
s t e r e o c h e m i s t r y  o f  h y s s o c h l a m i c  a c i d  h i s - p - h r o m o p h e n y l -  
h y d r a z i d e  and  o f  h y s s o c h l a m i c  a c i d  i t s e l f  a r e  i l l u s t r a t e d  
i n  ( IX )  and  (X) r e s p e c t i v e l y .
Br
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Refinement:
The R- f a c t o r  f o r  t h e  f i f t h  c y c l e  o f  s t r u c t u r e  
f a c t o r  c a l c u l a t i o n s  was 22%. On i n c l u s i o n  o f  t h e  
l a s t  a to m ,  C ( l O ) ,  an d  new c o - o r d i n a t e s  f o r  t h e  o t h e r  
a to m s  i n  t h e  p h a s i n g  c a l c u l a t i o n s ,  t h e  R- f a c t o r  f e l l  
t o  20%. Two c y c l e s  o f  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s  
a n d  F o u r i e r  s y n t h e s e s ,  u s i n g  h o t h  | F 0 | a n d | F c | ,  a s  
F o u r i e r  c o e f f i c i e n t s  and  em p lo y in g  Sh a c k - s h i f t 4 
c o r r e c t i o n s  to  t h e  p o s i t i o n s  o f  t h e  a toms i n  t h e  F0 
map r e d u c e d  t h e  R- f a c t o r  to  18.1%. I s o t r o p i c  
t e m p e r a t u r e  f a c t o r s  ( B ^  ) were a s s i g n e d  to  e a c h  atom 
i n d i v i d u a l l y  f rom  a  c o m p a r i s o n  o f  t h e  p e a k  h e i g h t s  i n  
h o t h  Fq a n d  Fc s y n t h e s e s  f o r  i n c l u s i o n  i n  t h e  s e v e n t h  
a n d  e i g h t h  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s .  I t  was 
f o u n d  t h a t  t h e  t e m p e r a t u r e  f a c t o r s  f o r  t h e  two h r o m in e  
a to m s  were  t h e  h i g h e s t  ( B ^  =  7 . 1 0 ) ,  w h e re a s  t h e  a v e r a g e  
v a l u e  f o r  t h e  c a r h o n  a tom s i n  t h e  r i n g  s y s t e m  was much 
l o w e r ,  w h i l e  t h e  a toms  C ( l ) ,  0 ( 2 ) ,  C ( l O ) ,  0 ( 1 1 ) ,  and  
C ( l 2 )  showed i n t e r m e d i a t e  v a l u e s .
A t  t h i s  s t a g e ,  i t  was r e a l i s e d  t h a t  f u r t h e r  F o u r i e r  
r e f i n e m e n t  w ould  h e  r e l a t i v e l y  i n e f f e c t i v e .  The 
s t r u c t u r e  and  r e l a t i v e  s t e r e o c h e m i s t r y  h a d  h e e n  
d e t e r m i n e d  and  much f u r t h e r  r e f i n e m e n t  was t h o u g h t  
u n n e c e s s a r y .  The h o n a  l e n g t h s  c a l c u l a t e d  f rom  th e
8 3 .
c o - o r d i n a t e s  w orked  o u t  f rom t h e  s e v e n t h  P o u r i e r  
s e r i e s  made c h e m i c a l  s e n s e .
I t  was d e c i d e d  to  c a r r y  o u t  one c y c l e  o f  l e a s t  
s q u a r e s  r e f i n e m e n t  on  t h e  d a t a  to  s e e  i f  t h i s  
r e s u l t e d  i n  an y  s i g n i f i c a n t  s h i f t s  i n  a to m ic  
p o s i t i o n s .  No a t t e m p t  was made to  l o c a t e  h y d r o g e n  
a tom  p o s i t i o n s  o r  to  i n c l u d e  h y d ro g e n  a tom s i n  t h e  
c a l c u l a t i o n s  a t  any  s t a g e .  The c y c l e  
o f  l e a s t  s q u a r e s  was u n d e r t a k e n  w i t h  th e  f o l l o w i n g  
w e i g h t i n g  schem e ,
The new s e t s  o f  c o - o r d i n a t e s  d i d  n o t  show many 
c h a n g e s  f ro m  t h o s e  i n c l u d e d  i n  t h e  c a l c u l a t i o n  and  
t h e  t h e r m a l  p a r a m e t e r s ,  b j j ,  o b t a i n e d  f rom  t h e  l e a s t  
s q u a r e s  t r e a t m e n t  d i d  n o t  i n d i c a t e  an y  m ark ed  a n i s o ­
t r o p i c  t h e r m a l  m o t i o n .  A c c o r d i n g l y ,  t h e  e q u i v a l e n t  
i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  (Bq  ) f o r  t h e  a tom s  were 
u s e d  w i t h ' t h e  new c o - o r d i n a t e s  to  c a l c u l a t e  t h e  f i n a l  
s e t  o f  s t r u c t u r e  f a c t o r s  w hich  h a d  a  d i s c r e p a n c y  o f  
1 6 .8% ,  w i t h o u t  c o n s i d e r i n g  u n o b s e r v e d  r e f l e x i o n s .
The l i s t e d  v a l u e s  o f  HKL , | F0 | , j P c j , an d  oC a r e
g i v e n  i n  T a b le  VI .  The u n o b s e r v e d  r e f l e x i o n s  a r e
f iw i )  =  l po ( h k g ) l i f  | F0 | <  4 3 . 0
4 3 . 0
i n c l u d e d  i n  t h i s  t a b l e  w i t h  t h e i r  maximum p o s s i b l e  
o b s e r v e d  v a l u e .  The f i n a l  i s o t r o p i c  t e m p e r a t u r e  
f a c t o r s  a r e  l i s t e d  i n  T a b le  V I I .
The fo rm  f a c t o r s  u s e d  f o r  c a r b o n ,  o x y g e n ,  and  
n i t r o g e n  a to m s  w ere  t h o s e  o f  B e r g h u i s  e t  a l .  ( 1 9 5 5 ) ,  
a n d  t h a t  f o r  b r o m i n e  was t h e  Thomas-Fermi c u r v e  
( I n t e r n a t i o n a l e  T a b e l l e n ,  1 9 3 5 ) .
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TABLE V I I .
F i n a l  I s o t r o p i c  T em p e ra tu re  F a c t o r s .
Be Be
C ( l ) 6 . 4 0 (2 1 ) 5 . 6
0 ( 2 ) 6 . 4 C( 22) 5 . 6
0 ( 3 ) 4 . 7 C( 23) 5 . 6
0 ( 4 ) 4 . 7 0 ( 2 4 ) 5 . 6
0 ( 5 ) 5 . 0 0 ( 2 5 ) 5 . 6
0 ( 6 ) 4 . 7 0 ( 2 6 ) 5 . 6
0 ( 7 ) 4 . 7 0 ( 2 7 ) 5 . 6
0 ( 8 ) 5 . 0 0 ( 2 8 ) 5 . 6
0 ( 9 ) 4 . 7 0 ( 2 9 ) 5 . 6
0 ( 1 0 ) 6 . 4 0 ( 5 0 ) 5 . 6
0 ( 1 1 ) 6 . 4 0 ( 1 ) 5 . 6
0 ( 1 2 ) 6 . 4 0 ( 2 ) 5 . 6
0 ( 1 3 ) 4 . 7 0 ( 3 ) 5 . 6
0 ( 1 4 ) 5 . 0 0 ( 4 ) 5 . 6
0 ( 1 5 ) 4 . 7 M (l) 5 . 6
0 ( 1 6 ) 4 . 7 H(2) 5 . 6
0 ( 1 7 ) 4 . 3 H(3) 5 . 6
0 ( 1 8 ) 4 . 3 W(4) 5 . 6
0 ( 1 9 ) 5 . 6 B r ( l ) 6 . 8
0 ( 2 0 ) 5 . 6 B r ( 2 ) 6 . 8
R e s u l t s  a n d  C o n c l u s i o n s :
The f i n a l  t h r e e - d i m e n s i o n a l  e l e c t r o n  d e n s i t y  map 
o f  h y s s o c h l a m i c  a c i d  h i s - p - h r o m o p h e n y l h y d r a z i d e  i s  
shown i n  P i g .  IV a s  s u p e r i m p o s e d  c o n t o u r  s e c t i o n s  
d raw n p a r a l l e l  t o  ^ 1 > 0 ,0 )  and  c o v e r i n g  t h e  r e g i o n  o f  
o n e  m o l e c u l e .  The c o r r e s p o n d i n g  a to m ic  a r r a n g e m e n t  
i s  shown i n  P i g . V .  I t  c a n  he  s e e n  t h a t  t h e  c o n f o r m a t i o n  
a d o p t e d  h y  t h e  n in e -m e m b e re d  r i n g  i s  a ty p e  o f  ^ o a t '
( X I ) .  T h i s  r i n g  i s  fo rm ed  h y  two g r o u p s  o f  f o u r  
a to m s  h e l d  i n  a  p l a n e  i n c l i n e d  to  e a c h  o t h e r  a t  an 
a n g l e  o f  a h o u t  2 5 ° ,  w i t h  a  n i n t h  a tom ,  C ( 3 ) ,  a c t i n g
a s  a  ’ h i n g e ’ . T h i s  a tom c o u l d  t a k e  up  s e v e r a l  p o s i t i o n s  
a l o n g  a  p l a n e  o f  symmetry  t h r o u g h  t h e  r i n g  ( X I I ) .  T h i s  
i s  n o t  an  e x a c t  p l a n e  o f  symmetry  a s  t h e  r i n g  i s  i n  an
■3
(XI) (XII)
F i g . i y . The f i n a l  t h r e e - d i m e n s i o n a l  F o u r i e r  map, 
drawn a s  s u p e r i m p o s e d  c o n t o u r  s e c t i o n  
p a r a l l e l  t o  ( 1 0 0 ) .  C o n to u r  i n t e r v a l  i s
1 electron/A^, the lowest contour being
2 electrons/8.3. p0 r  t h e  b ro m in e  a to m s ,  
the interval is 3 e l e c t r o n s / 8  .
E x p l a n a t o r y  d ia g ra m  f o r  F i g . I V .  
The atom numbers  a r e  m a rk e d ,  
e x c e p t  C ( l 5 )  and  C(17)  which  
a r e  h i d d e n .
86.
u n s y m m e t r i c a l  e n v i r o m e n t ,  b u t  i t  s e r v e s  a s  a u s e f u l  
i l l u s t r a t i o n .  The i n t r a m o l e c u l a r  n o n -b o n d e d  d i s t a n c e s  
a c r o s s  t h e  r i n g  a r e  g i v e n  i n  Tab le  X I I I .  The e t h y l  
an d  n - p r o p y l  g r o u p s  a r e  a t t a c h e d  to  t h e  n in e -m e m b e re d  
r i n g  i n  p o s i t i o n s  CIS to  e a c h  o t h e r .
The b i o s y n t h e s i s  o f  b y s s o c h l a m i c  a c i d  and  th e  
r e l a t e d  g l a u c o n i c  an d  g l a u c a n i c  a c i d s  h a s  been  
d i s c u s s e d  b y  B a l d w i n ,  B a r t o n ,  B loom er ,  Jackm an ,  
K o d r i g u e z - H a h n ,  and  S u t h e r l a n d  ( 1 9 6 2 ) .  The schemes  . 
o f  b i o g e n e s i s  e n v i s a g e d  a r e  i l l u s t r a t e d  i n  T a b le  V I I I .
B e n t l e y  and  K e i l  (1 9 6 1 )  have  shown t h a t  a n o t h e r  
f u n g a l  m e t a b o l i t e ,  p e n i c i l l i c  a c i d  ( X I I I ) ,  can  be  
d e r i v e d  f rom  a c e t a t e  and  m a l o n a t e  u n i t s .  P r e l i m i n a r y  
work  b y  B a r t o n  and  h i s  c o l l e a g u e s  h a s  shown t h a t  
g l a u c a n i c  a c i d  (XV), g l a u c o n i c  a c i d  (XVT), and  
b y s s o c h l a m i c  a c i d  (XVII)  can  be  d e r i v e d  f rom a c e t a t e  
u n i t s .  They have  a l s o  shown t h a t  g l a u c o n i c  a c i d  can  
b e  d e r i v e d  f rom  two u n i t s  h a v i n g  i d e n t i c a l  c a r b o n  
s k e l e t o n  (XTV). The o x i d a t i o n  l e v e l  o f  g l a u c o n i c  and  
g l a u c a n i c  a c i d s  i s  s u c h  t h a t  i f  one o f  t h e s e  d i e n o i d  
u n i t s  f o rm e d  an a n i o n ,  t h e  whole c a r b o n  s k e l e t o n  o f  
g l a u c a n i c  a c i d  c o u l d  b e  fo rm ed  w i t h  t h e  e t h y l e n i c  
l i n k a g e s  i n  th e  c o r r e c t  p o s i t i o n s .  A c c e p t i n g  t h i s
(XIV)
(XV)
Et Et
\ 'i
(XVII)
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h y p o t h e s i s ,  t h e  h y d r o x y l  g roup  o f  g l a u c o n i c  a c i d  c o u l d  
h e  i n t r o d u c e d  a t  a  l a t e r  s t a g e  i n  t h e  b i o g e n e s i s  b y  
b i o c h e m i c a l  h y d r o x y l a t i o n  o f  g l a u c a n i c  a c i d .  B a r t o n  
h a s  shown t h a t  t h e  c a r b o n  s k e l e t o n  o f  t h i s  d i e n o i d  
u n i t  i s  d e r i v a b l e  f rom  an i n t e r m e d i a t e  c i t r i c  a c i d .  
B y s s o c h la m i c  a c i d  can  b e  fo rm ed  from th e  same b i o g e n e t i c  
u n i t s  b y  a  s i m i l a r  t y p e  o f  m echan ism .
F e r g u s o n  an d  Sim (1 9 6 2 )  have  e l u c i d a t e d  t h e  
s t r u u t u r e  o f  t h e  m - i o d o b e n z o a t e  o f  g l a u c o n i c  a c i d  and  
t h e y  f i n d  t h e  s t e r e o c h e m i s t r y  to  be  t h a t  shown i n  t h e  
T a b l e .  T h i s  d i f f e r s  f rom  t h a t  p r o p o s e d  b y  B a r t o n  i n  
t h e  s t e r e o c h e m i c a l  a t t a c h m e n t  o f  th e  h y d r o x y l  g roup  
a t  0 ( 4 ) ,  b u t  t h i s  w i l l  n o t  a f f e c t  B a r t o n ’ s t h e o r y  o f  
b i o g e n e s i s .
The f i n a l  a to m ic  c o - o r d i n a t e s ,  r e l a t i n g  to  one 
m o l e c u l e ,  o b t a i n e d  f rom  t h e  l e a s t  s q u a r e s  o u t p u t  a r e  
g i v e n  i n  T a b le  IX. The s t a n d a r d  d e v i a t i o n s  i n  th e  
p o s i t i o n a l  p a r a m e t e r s  o f  t h e  a to m s ,  c a l c u l a t e d  f rom 
t h e  l e a s t  s q u a r e s  o u t p u t  a r e  g i v e n  i n  T ab le  X. The 
i n t e r a t o m i c  b o n d  l e n g t h s ,  t o g e t h e r  w i t h  t h e  s t a n d a r d  
d e v i a t i o n s  a r e  g i v e n  i n  T a b le  XI ,  w h i l e  t h e  i n t e r b o n d  
a n g l e s  a r e  l i s t e d  i n  T a b le  X I I .  The a v e r a g e  s t a n d a r d  
d e v i a t i o n  i n  b o n d  a n g l e s  i s  4 . 5 ° .  The i m p o r t a n t
cr  ■'i
ne y6T\ th e
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n o n - b o n d e d  d i s t a n c e s  w i t h i n  t h e  m o l e c u l e  a r e  g i v e n  i n  
T a b le  X I I I ,  w h i l e  a l l  i n t e m o l e c u l a r  d i s t a n c e s  l e s s
The p a c k i n g  o f  m o l e c u l e s  v iew ed  down t h e  a -  a x i s  
i s  i l l u s t r a t e d  i n  P i g . Y I .
W ith  s t a n d a r d  d e v i a t i o n s  i n  bond  l e n g t h  o f  t h e
o r d e r  o f  0 . 0 8  A, i t  i s  u n w ise  to  draw m e a n i n g f u l  
c o n c l u s i o n s  a b o u t  m o l e c u l a r  d i m e n s i o n s .  T h i s  
u n f a v o u r a b l e  s i t u a t i o n  i s  somewhat a m e l i o r a t e d  i n  
t h e  b r o m o - a n i l i n o  im ide  g r o u p i n g  where a t  l e a s t  two 
e s t i m a t e s  o f  s i m i l a r  b o n d  l e n g t h s  and a n g l e s  c a n  be  
made .
The a v e r a g e  b o n d  l e n g t h  i n  t h e  a r o m a t i c  r i n g s  i s  
o
1 . 3 9  A a n d  t h e  a v e r a g e  s i n g l e  b o n d  b e tw e e n  two t e t r a ­
h e d r a l  c a r b o n  a toms i s  1 . 5 3  A ; i n  b o t h  c a s e s  t h e  
a g r e e m e n t  w i t h  a c c e p t e d  v a l u e s  i s  s a t i s f a c t o r y .  The 
d i m e n s i o n s  o f  t h e  f iv e -m e m b e r e d  r i n g s  a r e  i n t e r e s t i n g  
a n d  t h e  a v e r a g e  v a l u e s  a r e  shown i n  (XVTII) .  I t  i s
t h a n  4  2  a r e  l i s t e d  i n  T a b le  XIV,
o
o
e n v i r o n m e n t a l  f a c t o r s
assum ed when t a k i n g
a r e  s i m i l a r  i n  a l l
t h e s e  a v e r a g e s ,  t h a t
c a s e s .
(X V II I )
The a n g l e s  s u g g e s t  t h a t  t h e  n i t r o g e n  atom i n  t h e  r i n g  
i s  t e n d i n g  t o w a r d s  s p 2 h y b r  i d i s a t i o n .  From t h e  
v a l e n c e - b o n d  s t a n d p o i n t ,  t h i s  would  i n d i c a t e  t h a t  
r e s o n a n c e  s t r u c t u r e s  o f  t h e  ty p e  shown i n  ( X IX ) ( a )  
a r e  i m p o r t a n t
(XXX)
T r u e h l o o d ,  G o l d i s h ,  and  Donohue (1961)  e s t i m a t e  t h a t
a  <r- b o n d  b e t w e e n  t r i g o n a l  n i t r o g e n  and t r i g o n a l  c a r b o n
o o
i s  1 . 4 1  A, h e n c e  t h e  v a l u e  o f  1 . 3 6  A fo u n d  h e r e  s u g g e s t s
s i g n i f i c a n t  d o u b le  b o n d  c h a r a c t e r .  A s i m i l a r  s h o r t e n i n g
o f  t h e  c a r b o n - n i t r o g e n  bond  i s  fo u n d  i n  s u c c i n i m i d e
(M ason ,  1961)  and  i n  N - c h l o r o s u c c i n i m i d e  (Brown,  1961)
a n d  a  s h o r t e n i n g  o f  th e  c a r b o n -o x y g e n  bond  i n  t h e  f i v e -
m em bered  r i n g  o f  m a l e i c  a n h y d r i d e  i s  fo u n d  b y  M arsh ,
U b e l l , a n d  W i lco x  ( 1 9 6 2 ) .  T a k in g  th e  c ( s p 2 ) s i n g l e
b o n d  r a d i u s  to  b e  0 .7 5 5  A ( T r u e b l o o d ,  G o l d i s h  and
D o n o h u e ,  1 9 6 1 ,  and  C r a i g  and  Mason, u n p u b l i s h e d  r e s u l t s  
r e p o r t e d  b y  Mason,  1 9 6 1 ) ,  t h e  e x p e c t e d  v a l u e  f o r  a s i n g l e
9 0 .
b o n d  b e t w e e n  t r i g o n a l l y  h y b r i d i s e d  c a r b o n  a tom s would  
o
b e  1 . 4 7  A, i . e .  t h e  v a l u e  fo u n d  i n  m a l e i c  a n h y d r i d e ,  and
v e r y  n e a r  t o  t h a t  f o u n d  i n  t h e  p r e s e n t  work.  The
c o n c l u s i o n  t h a t  t h e r e  i s  r e l a t i v e l y  l i t t l e  d o u b le  b o n d
c h a r a c t e r  i n  t h i s  c a r b o n - c a r b o n  b ond  i s  s u p p o r t e d  b y
t h e  r e s u l t s  o f  D ar low  and  Cochran  (1961)  and  D ar low  (1 9 6 1 )
f o r  t h e  m a l e a t e  i o n .  T h i s  c o n c l u s i o n ,  h o w ev e r ,  i s  n o t
s u p p o r t e d  b y  t h e  c a r b o n - c a r b o n  l e n g t h  o f  1 . 4 1  X f o u n d
f o r  t h e  b o n d  f u s i n g  t h e  f iv e -m e m b e re d  r i n g  to  t h e  n i n e -
m em bered  r i n g .  I f  t h e  r e s o n a n c e  s t r u c t u r e  (X IX (b ) )  h a d
no i m p o r t a n c e ,  t h i s  b o n d  w ould  have  a l e n g t h  o f  a b o u t  
o
1 . 3 3  A. The l e n g t h  o f  t h i s  b o n d  i n  ( X V I I I ) i s ,  h o w e v e r , o n l y  
t h e  a v e r a g e  o f  two v a l u e s ,  w h e re a s  a l l  t h e  o t h e r  b o n d s  
d i s c u s s e d  a r e  t h e  a v e r a g e  o f  f o u r  v a l u e s .
The b e s t  p l a n e  t h a t  c o u l d  be  f i t t e d  t o  t h e  a tom s o f  
t h e  f i v e - m e m b e r e d  r i n g s  and  t h e  a toms b o n d e d  to  them was 
f o u n d  b y  a l e a s t  s q u a r e s  t r e a t m e n t  (Schomaker  e t  a l . , 1 9 5 9 ) .  
The e q u a t i o n  f o r  t h e  p l a n e  C ( l 4 )  -  C ( l 8 )  i s  0 .0 0 5  X* -  
0 . 0 0 3  Y* + 0 .9 9 9  Z* + 2 5 . 0 1  = 0 .  The d e v i a t i o n s  f rom
t h i s  p l a n e  a r e  l a r g e ,  b u t  t h e  s i g n i f i c a n c e  t e s t  
i n d i c a t e s  t h a t  t h e  a c c u r a c y  o f  th e  a n a l y s i s  i s  i n s u f f i c i e n t  
t o  p r o v e  a p l a n a r i t y .  The e q u a t i o n  f o r  t h e  p l a n e  
0 ( 5 )  -  0 ( 9 )  i s  0 .1 3 9  X1 + 0 . 3 9 2  Yf -  0 .9 0 9  Z! -  7 . 4 1  = 0 ,  
w here  a s i m i l a r  s i t u a t i o n  p e r t a i n s .  I n  t h e  s u c c i n i m i d e ,  
N - c h l o r o s u c c i n i m i d e , and  m a l e i c  a n h y d r i d e  s t r u c t u r e s
9 1 .
a  s m a l l ,  "but s i g n i f i c a n t  d e g r e e  o f  a p l a n a r i t y  i s  f o u n d .  
The sums o f  t h e  i n t e r n a l  a n g l e s  o f  t h e  two f iv e -m e m b e r e d  
r i n g s  ad d  u p  to  5 3 8 , 6 °  an d  5 4 0 .1 °  r e s p e c t i v e l y .  The 
sum o f  t h e  i n t e r n a l  a n g l e s  o f  a p l a n a r  f iv e -m e m b e r e d  
r i n g  shou- |d  h e  5 4 0 ° ,  a l t h o u g h  t h i s  i s  n o t ,  o f  c o u r s e ,  
a s u f f i c i e n t  c o n d i t i o n  to  p ro v e  p l a n a r i t y .
The a n g l e s  o f  t h e  f iv e -m e m b e re d  r i n g s  a r e  much l e s s  
t h a n  t e t r a h e d r a l  on  a c c o u n t  o f  s t r a i n .  The C-N-C a n g l e  
i s  a l s o  g r e a t e r  t h a n  t h e  o t h e r  a n g l e s ,  a  p o i n t  fo u n d  i n  
t h e  s u c c i n i m i d e  an d  IT-c h l o r o s u c c i n i m i d e  s t r u c t u r e s ,  b u t  
n o t  i n  m a l e i c  a n h y d r i d e  i n  t h e  c a s e  o f  t h e  C-O-C a n g l e .  
T h i s  p o s s i b l y  i n d i c a t e s  a g r e a t e r  t e n d e n c y  to w a r d s  sp^ 
h y b r i d i s a t i o n  f o r  t h e  oxygen  atom i n  m a l e i c  a n h y d r i d e  
t h a n  t h e  n i t r o g e n  a toms have  i n  t h e  p r e s e n t  work and  
i n  s u c c i n i m i d e .
I n  c a r b o x y l i c  a c i d s  and  a c i d  a m id e s ,  where X = 0 
o r  If r e s p e c t i v e l y ,  t h e  X -  0 = 0 and  C -  C =* 0 a n g l e s
a r e  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  X -  C -  C a n g l e
( T a b l e  XV). T h i s  e f f e c t  i s  due to  r e p u l s i o n  b y  th e  
l o n e  p a i r s  o f  e l e c t r o n s  on t h e  oxygen  which  i s  d o u b le  
b o n d e d  to  c a r b o n .  T h i s  s i t u a t i o n  i s  fo u n d  to  an  e v en  
g r e a t e r  e x t e n t  i n  compounds where t h e  atom X p a r t i c i p a t e s  
i n  a  f i v e -m e m b e r e d  r i n g .  I n  c a r b o x y l i c  a c i d s  and  a c i d
a m i d e s ,  t h e  d i f f e r e n c e s  i n  t h e  X -  C = 0 and  C -  C = 0
a n g l e s  a r e  s l i g h t ,  y e t  i n  m a l e i c  a n h y d r i d e ,  s u c c i n i m i d e ,  
N - c h l o r o s u c c i n i m i d e ,  and  i s a t i n  ( G o ld s c h m id t  and  
L l e w e l l y n ,  1 9 5 0 ) ,  t h e  C — C = 0 a n g l e  i s  v e r y  much 
g r e a t e r  t h a n  t h e  X -  C =  0 a n g l e ,  a f a c t  t h a t  M arsh ,
U b e l l , an d  W i lco x  a t t r i b u t e  to  do u b le  "bond c h a r a c t e r  i n  
t h e  C -  C b o n d  i n  m a l e i c  a n h y d r i d e .  I n  t h e  p r e s e n t  
a n a l y s i s ,  t h e  s i t u a t i o n  i s  r e v e r s e d  w i t h  t h e  X -  C = 0 
a n g l e  f o u n d  to  b e  150°  and t h e  C -  C = 0 to  b e  1 2 3 ° .
T h i s  e f f e c t  c o u l d  p e r h a p s  be  due to  s t r a i n  b r o u g h t  a b o u t  
b y  t h e  N - j a - b r o m o - a n i l i n o  g r o u p ,  a l t h o u g h  t h i s  i s  n o t  
f o u n d  i n  t h e  c a s e  o f  t h e  c h l o r i n e  atom i n  N - c h l o r o -  
s u c c i n i m i d e .  The d i s t a n c e s  b e tw e e n  th e  oxygen  a tom s 
of .  t h e  f i v e - m e m b e r e d  r i n g s  and t h e  atoms o f  t h e  N -£ -b ro m o -  
a n i l i n o  g r o u p  a r e  n o t  s h o r t e r  t h a n  norm al  ( T a b l e  X I I I ) .
The t h e s i s  o f  M arsh  and  c o l l a b o r a t o r s  i s  d i f f i c u l t  to  
a c c e p t  i n  v iew  o f  t h e  r e s u l t s  f o u n d  f o r  s u c c i n i m i d e .
The i n i t i a l  a s s u m p t i o n  t h a t  e n v i r o n m e n t a l  f a c t o r s
c a n  b e  i g n o r e d  may be i n v a l i d  a s  s e v e r a l  s h o r t  n o n - b o n d e d
d i s t a n c e s  i n v o l v i n g  oxygen  a toms  a r e  l i s t e d  i n  T a b le  XIV.
I n  p a r t i c u l a r ,  0 ( 2 )  and  0 ( 3 )  a r e  i n v o l v e d  i n  c l o s e
o o
c o n t a c t s  o f  2 . 9 4  A and  2 . 8 6  A r e s p e c t i v e l y  w i t h  n i t r o g e n  
a t o m s ,  p r o b a b l y  i n v o l v i n g  h y d ro g e n  b o n d s .  The c l o s e s t  
c a r b o n - o x y g e n  n o n -b o n d e d  d i s t a n c e  i s  3 .2 7  S., and  t h e  
c l o s e s t  c o n t a c t  b e tw e e n  c a r b o n  a toms o f  n e i g h b o u r i n g
93.
o
m o l e c u l e s  i s  3 . 4 4  A. The "benzene r i n g s  a d o p t  a v e r y
c l o s e - p a c k e d  c o n d i t i o n ,  a s  can  he  s e e n  h y  t h e  l a r g e
number  o f  s h o r t  d i s t a n c e s  b e tw e e n  a toms i n  r i n g s  o f
n e i g h b o u r i n g  m o l e c u l e s .
The v e r y  l a r g e  v a l u e s  fo u n d  f o r  C ( 2 4 ) C ( l 9 ) N ( 2)
a n d  C ( 2 6 ) c ( 2 5 )N (4)  a n g l e s  can  p a r t i a l l y  b e  e x p l a i n e d
due t o  o v e r c r o w d i n g  b e tw e e n  C(24)  and  N ( l )  and  b e tw e e n
C (2 6 )  a n d  N ( 3 ) .  These  n o n -b o n d e d  i n t e r a c t i o n s  a r e  
o o
2 . 9 7  A an d  2 . 7 6  A r e s p e c t i v e l y ,  wh ich  i s  c o n s i d e r a b l y  
l e s s  t h a n  wou ld  be  e x p e c t e d  u n d e r  normal  c o n d i t i o n s .
The e f f e c t  c a n n o t  be  v e r y  g r e a t ,  h o w ev er ,  a s  t h e  
b e n z e n e  r i n g s  i n  t h e  i n d i v i d u a l  m o l e c u l e  would  hav e  
c o n s i d e r a b l e  f r e e d o m  o f  m o t i o n ,  b y  r o t a t i o n  a ro u n d  
e i t h e r  t h e  C -  N o r  N -  1 i b o n d s .  Such r o t a t i o n s  do 
o c c u r ,  b u t  n o t  to  an y  g r e a t  e x t e n t ,  a s  c a n  b e  shown 
f ro m  t h e  d i s t a n c e s  g i v e n  i n  T a b le  X I I I .  I f  a  g r e a t  
d e a l  o f  r o t a t i o n  a b o u t  t h e s e  b o n d s  d i d  t a k e  p l a c e ,  n o t  
o n l y  v/ould i t  a f f e c t  t h e  f o r c e s  on th e  a toms o f  t h e  
f i v e - m e m b e r e d  r i n g s ,  b u t  i t  w ould  a l s o  make i t  more 
d i f f i c u l t  f o r  t h e  d e r i v a t i v e  to  c r y s t a l l i s e  w i t h  s u c h  
a  c l o s e  p a c k e d  s t r u c t u r e .
Such r o t a t i o n s  a s  do o c c u r  a b o u t  t h e  N -  N and  0 -  N 
b o n d s  e f f e c t i v e l y  p l a c e  t h e  a toms o f  th e  f iv e -m e m b e r e d  
r i n g s  i n  an  u n s y m m e t r i c a l  e n v i r o n m e n t ,  and  may p a r t i a l l y  
a c c o u n t  f o r  some o f  th e  u n u s u a l  d im e n s io n s  fo u n d  t h e r e i n .
TABLE IX .
A tom ic C o - o r d in a te s .
V a y / b z/ c
C ( l ) 0 .3 9 6 6 - 0 .1 6 3 9 0 .3 7 9 8 1
0 ( 2 ) 0 .3 2 9 9 - 0 . 1 4 4 4 0 .4 0 3 8 2
0 ( 3 ) 0 . 1 8 3 6 - 0 .1 0 4 8 0 .4 0 2 8 5
0 ( 4 ) 0 .1 6 8 9 0 .0 2 0 8 0 .3 9 0 9 2
0 ( 5 ) 0 .0 2 2 0 0 .0 4 9 8 0 .3 8 3 5 5
0 ( 6 ) - 0 . 0 8 4 2 0 .1 1 5 4 0 .3 9 6 7 0
0 ( 7 ) - 0 . 0 6 8 6 0 .1 6 6 9 0 .4 2 2 5 4
0 ( 8 ) - 0 . 2 0 5 7 0 .1 1 5 8 0 .5 8 2 8 2
0 ( 9 ) - 0 . 0 4 5 8 0 .0 1 4 6 0 .3 6 2 4 2
0 ( 1 0 ) - 0 . 1 8 6 2 0 .0 8 0 1 0 .5 0 4 3 6
0 ( 1 1 ) - 0 . 1 9 9 8 0 .0 4 2 5 0 .4 8 1 8 2
0 ( 1 2 ) - 0 . 1 2 5 4 0 .1 0 6 5 0 .4 6 0 8 9
0 ( 1 3 ) - 0 . 1 5 5 9 0 .0 5 6 9 0 .4 5 7 9 1
0 ( 1 4 ) - 0 . 1 3 6 2 - 0 .0 8 3 8 0 .4 3 5 5 8
0 ( 1 5 ) - 0 . 0 1 9 5 - 0 . 1 4 5 6 0 .4 3 0 6 3
0 ( 1 6 ) 0 .1 2 8 5 - 0 . 1 0 3 0 0 .4 2 9 4 8
0 ( 1 7 ) - 0 . 0 4 5 2 - 0 .2 9 2 8 0 .4 3 0 9 6
0 ( 1 8 ) - 0 .2 4 4 1 - 0 .1 8 0 5 0 .4 5 4 2 7
0 ( 1 9 ) - 0 .2 0 4 8 0 .1 5 6 9 0 .3 2 6 5 7
0 ( 2 0 ) - 0 . 2 8 5 1 0 .1 4 9 1 0 .3 0 6 2 6
- Cont* d -
TABLE IX. -  C o n tT d -
A tom ic C o - o r d in a te s .
V a y / b z/ c
C(S1) - 0 .2 6 8 1 0 .2 4 0 7 0 .2 8 7 9 0
C( 23) - 0 .1 5 5 1 0 .5 3 0 7 0 .2 8 9 6 9
0 ( 2 3 ) - 0 .0 8 7 0 0 .5 5 1 8 0 .3 1 0 1 1
0 ( 2 4 ) - 0 .1 2 5 8 0 .2 6 1 7 0 .5 2 7 1 7
0 ( 2 5 ) - 0 . 2 6 6 4 - 0 .4 6 6 4 0 .4 5 7 9 2
0 ( 2 6 ) - 0 .2 0 7 5 - 0 .4 2 2 7 0 .4 7 5 8 8
0 (27) . - 0 .2 2 6 8 -0 .4 6 8 1 0 .4 9 8 9 9
0 ( 2 8 ) - 0 . 5 1 9 2 - 0 .5 6 4 3 0 .5 0 2 4 2
0 ( 2 9 ) - 0 . 3 7 5 6 - 0 .6 5 1 0 0 .4 8 3 5 8
0 ( 3 0 ) - 0 .5 5 2 8 - 0 . 5 7 2 3 ' 0 .4 5 9 9 6
0 ( 1 ) - 0 .3 0 0 9 0 .1 7 5 4 0 .5 8 6 0 5
0 ( 2 ) 0 .0 1 7 5 - 0 .0 4 3 3 0 .3 4 5 3 8
0 ( 3 ) 0 .0 5 7 9 - 0 . 5 7 9 2 0 .4 2 8 2 2
0 ( 4 ) - 0 . 3 5 0 4 - 0 . 1 5 5 4 0 .4 3 9 1 7
N ( l ) - 0 . 1 7 0 7 0 .0 5 4 1 0 .3 6 2 9 6
H (2) - 0 .2 5 6 8 0 . 0 6 1 2 0 .3 4 1 7 0
■N( 3) - 0 .1 8 5 1 - 0 .3 0 1 8 0 .4 3 3 1 4
N (4) - 0 .2 5 1 8 - 0 .4 2 5 6 0 .4 3 5 3 9
B r ( l ) —0 . 1 1 3 l 0 .4 5 6 1 0 .2 6 6 4 9
Br(  2) - 0 . 3 5 7 4 - 0 .6 2 7 9 0 .53119
TABLE X.
S t a n d a r d  D e v i a t i o n s
o
i n  Atomic  P o s i t i o n  ( i n  A ) .
cr(x-) 0r ( y ) or(z)
0 ( 1 ) 0 . 0 6 5 0 . 0 6 4 0 . 0 5 1
0 ( 2 ) 0 . 0 6 4 0 . 0 6 9 0 . 0 5 5
0 ( 3 ) 0 . 0 5 6 0 . 0 5 9 0 .0 4 5
0 ( 4 ) 0 . 0 5 9 0 . 0 5 6 0 . 0 4 7
0 ( 5 ) 0 . 0 5 5 0 . 0 6 5 0 .0 4 9
0 ( 6 ) 0 . 0 5 5 0 . 0 5 9 0 . 0 4 4
0 ( 7 ) 0 . 0 5 7 0 . 0 5 5 0 . 0 4 5
0 ( 8 ) 0 . 0 5 7 0 . 0 6 5 0 . 0 4 7
0 ( 9 ) 0 . 0 6 5 0 . 0 5 5 0 . 0 4 4
0 ( 1 0 ) 0.;064 0 . 0 6 9 0 . 0 5 2
C ( l l ) 0.,067 0 . 0 7 0 0 . 0 5 6
0 ( 1 2 ) 0 . 0 6 6 0 . 0 6 4 0 . 0 5 0
0 ( 1 3 ) 0 . 0 5 8 0 . 0 6 1 0 . 0 4 7
0 ( 1 4 ) 0 . 0 6 2 0 . 0 5 8 0 . 0 4 7
0 ( 1 5 ) 0 . 0 5 6 0 . 0 6 2 0 . 0 4 8
0 ( 1 6 ) 0 . 0 6 1 0 . 0 5 7 0 . 0 4 4
0 ( 1 7 ) 0 . 0 6 2 0 . 0 5 7 0 . 0 4 5
0 ( 1 8 ) 0 . 0 6 0 0 . 0 5 8 0 . 0 4 8
0 ( 1 9 ) 0 . 0 6 3 0 . 0 6 6 0 . 0 4 9
-  Cont* d -
TABLE X. -  Cont* d -
S t a n d a r d  D e v i a t i o n s
o
i n  Atomic P o s i t i o n  ( i n  A ) .
crU) <r(y) Or(z;)
0 ( 2  0 ) 0 . 0 6 3 0 . 0 6 6 0 . 0 5 1
0 ( 2 1 ) 0 . 0 6 3 0 . 0 6 2 0 . 0 5 1
0(22) 0 . 0 6 1 0 . 0 5 9 0 . 0 5 5
0 ( 2 3 ) 0 . 0 6 1 0 . 0 6 2 0 . 0 5 0
0 ( 2 4 ) 0 . 0 6 7 0 . 0 6 1 0 . 0 4 7
0 ( 2 5 ) 0 . 0 6 3 0 . 0 6 7 0 . 0 4 9
0 ( 2 6 ) 0 . 0 6 2 0 . 0 6 4 0 . 0 4 8
0 ( 2 7 ) 0 . 0 6 3 0 . 0 6 4 0 . 0 5 3
0 ( 2 8 ) 0 . 0 5 9 0 . 0 6 6 0 . 0 4 9
0 ( 2 9 ) 0 . 0 6 3 0 . 0 6 2 0 . 0 4 7
0 ( 3 0 ) 0 . 0 6 1 0 . 0 5 9 0 . 0 4 9
o ( i ; 0 . 0 5 9 0 . 0 4 2 0 . 0 5 5
0 ( 2 ) 0 . 0 5 9 0 . 0 4 3 0 . 0 3 4
0(3) 0 . 0 4 0 0 . 0 4 5 0 . 0 3 0
0 ( 4 ) 0.04-0 0 . 0 5 9 0 . 0 5 3
N ( l ) 0 . 0 4 6 - 0 . 0 5 6 0 . 0 4 1
N(2) 0 . 0 5 1 0 . 0 5 5 0 . 0 4 0
N( 3) 0 . 0 5 0 0 . 0 5 0 0 . 0 4 4
N(4) 0 . 0 5 1 0 . 0 5 2 0 . 0 4 1
Br(  1) 0 . 0 0 9 0 . 0 0 9 0 . 0 2 6
Br(  2) 0 . 0 0 8 0 . 0 0 8 0 . 0 2 3
TABLB XI.
o
I n t e r a t o m i c  Bond L e n g t h s  i n  A„ 
w i t h  e s t i m a t e d  S t a n d a r d  D e v i a t i o n s
C ( l ) -  0 ( 2 ) 1 . 5 5 0  t 0 . 0 8 6 0 ( 1 7 ) “ H(3) 1 . 5 9 7 + 0 . 0 7 5
0 ( 2 ) -  0 ( 3 ) 1 . 5 2 7  ± 0 .0 8 1 0 ( 1 8 ) - 0 ( 4 ) 1 . 1 5 6 + 0 . 0 6 6
0 ( 5 ) -  0 ( 4 ) 1 . 4 4 8  + 0 . 0 7 5 0 ( 1 8 ) - N(3) 1 . 5 6 8 + 0 . 0 7 3
0 ( 3 ) -  0 ( 1 6 ) 1 . 6 3 2  t 01075 0 ( 1 9 ) - N(2) 1 . 4 0 2 + 0 . 0 7 6
0 ( 4 ) -  0 ( 5 ) 1 . 5 6 6  t 0 . 0 7 5 0 ( 1 9 ) - 0 ( 2 0 ) 1 . 4 2 5 + 0 . 0 8 4
0 ( 5 ) -  0 ( 6 ) 1 . 4 5 8  1 0 . 0 7 4 0 ( 1 9 ) - 0 ( 2 4 ) 1 . 3 3 4 + 0 . 0 8 2
0 ( 5 ) -  0 ( 9 ) 1 . 4 4 0  t 0 . 0 7 5 0 ( 2 0 ) - 0 ( 2 1 ) 1 . 4 1 4 + 0 . 0 8 4
0 ( 6 ) — 0 ( 7 ) 1 . 5 9 2  t 0 . 0 7 4 0 ( 2 1 ) - 0 ( 2 2 ) 1 . 4 5 8 + 0 . 0 8 2
0 ( 6 ) -  0 ( 8 ) 1 . 4 4 5  t 0 . 0 7 6 0 ( 2 2 ) - 0 ( 2 5 ) 1 . 3 7 8 + 0 . 0 8 1
0 ( 7 ) -  0 ( 1 5 ) 1 . 6 6 8  t 0 . 0 7 7 0 ( 2 2 ) - B r ( l ) 1 . 8 8 7 t 0 . 0 6 0
0 ( 8 ) -  0 ( 1 ) 1 . 1 6 3  t 0 . 0 6 7 0 ( 2 3 ) - 0 ( 2 4 ) 1 . 5 8 8 t 0 . 0 8 2
0 ( 8 ) -  N ( l ) 1 . 5 4 4  + 0 . 0 7 4 0 ( 2 5 ) - N(4) 1 . 5 6 9 + 0 . 0 7 7
0 ( 9 ) -  0 ( 2 ) 1 . 3 0 7  ± 0 . 0 6 6 0 ( 2 5 ) 0 ( 2 6 ) 1 . 2 7 1 + 0 . 0 8 4
0 ( 9 ) -  N ( l ) 1 . 3 1 9  + 0 . 0 7 1 0 ( 2 5 ) - 0 ( 3 0 ) 1 .3 8 1 + 0 . 0 8 4
c ( i o ) -  0 ( 1 1 ) 1 . 5 6 0  + 0 . 0 8 9 0 ( 2 6 ) 0 ( 2 7 ) 1 . 4 2 1 t 0 . 0 8 4
0 ( 1 1 ) -  0 ( 1 2 ) 1 . 5 6 9  + 0 . 0 8 8 0 ( 2 7 ) - 0 ( 2 8 ) 1 . 5 5 7 + 0 . 0 8 4
0 ( 1 2 ) -  G (15) 1 . 4 5 2  + 0 . 0 8 2 0 ( 2 8 ) - 0 ( 2 9 ) 1 .3 8 9 0 . 0 8 2
0 ( 1 3 ) -  0 ( 1 4 ) 1 . 4 5 7  t 0 . 0 7 8 0 ( 2 8 ) - Br(  2) 1 . 8 1 8 + 0.060
0 ( 1 4 ) -  0 ( 1 5 ) 1 . 3 6 2  t 0 . 0 7 8 0 ( 2 9 ) - 0 ( 3 0 ) 1 . 4 9 8 + 0 . 0 8 2
0 ( 1 4 ) -  0 ( 1 8 ) 1 . 4 6 0  + 0 . 0 7 8 n ( i ) - N(2) 1 . 5 0 3 Hr 0 . 0 6 8
0 ( 1 5 ) -  0 ( 1 6 ) 1 . 5 5 0  + 0 . 0 7 7 N(3) N(4) 1 . 4 3 2 + 0 . 0 6 8
0 ( 1 5 ) -  0 ( 1 7 ) 1 . 5 0 5  t 0 . 0 7 8
0 ( 1 7 ) -  0 ( 5 ) 1 . 5 6 4  ± 0 . 0 6 7
TABLE XII.
Interbond Angles.
0 ( 1 ) -  0 ( 2 ) -  0 ( 3 ) 115°
0 ( 2 ) -  0 ( 3 ) -  0 ( 4 ) 110°
0 ( 2 ) -  0 ( 3 ) -  0 ( 1 6 ) 107°
0 ( 4 ) -  0 ( 3 ) -  0 ( 1 6 ) 114°
0 ( 3 ) -  0 ( 4 ) -  0 ( 5 ) 113°
0 ( 4 ) -  0 ( 5 ) -  0 ( 6 ) 129°
0 ( 4 ) -  0 ( 5 ) -  0 ( 9 ) 129°
0 ( 6 ) -  0 ( 5 ) -  0 ( 9 ) 101°
0 ( 5 ) -  0 ( 6 ) -  0 ( 7 ) 124°
0 ( 5 ) -  0 ( 6 ) -  0 ( 8 ) 109°
C (7 ) -  0 ( 6 ) -  0 ( 8 ) 126°
0 ( 6 ) -  0 ( 7 ) -  0 ( 1 3 ) 103°
0 ( 6 ) -  0 ( 8 ) -  0 ( 1 ) 128°
0 ( 6 ) -  0 ( 8 ) -  H ( l ) 105°
0 ( 1 ) -  0 ( 8 ) -  N ( l ) 126°
0 ( 5 ) -  0 ( 9 ) -  0 ( 2 ) 121°
0 ( 5 ) -  0 ( 9 ) -  N ( l ) 1110
0 ( 2 ) -  0 ( 9 ) -  N ( l ) 128°
0 ( 1 0 ) -  0 ( 1 1 ) -  C ( l 2 ) 125°
0 ( 1 1 ) -  0 ( 1 2 ) -  C ( I B ) 117°
0 ( 1 2 ) -  0 ( 1 3 ) -  0 ( 7 ) 98°
0 ( 1 2 ) -  0 ( 1 3 ) -  C(l4) 113°
0 ( 7 ) -  0 ( 1 3 ) -  C (14) 1050
C 13) - G 14) - C ( 1 5 ) 126°
C 13) - C 14) - 0 ( 1 8 ) 124°
G 15) - C 14) - 0 ( 1 8 ) 109°
C 14) - c 15) - 0 ( 1 6 ) 135°
G 14) - c 15) - 0 ( 1 7 ) 107°
C 16) - c 15) - 0 ( 1 7 ) 116°
0 3) - c 16) - 0 ( 1 5 ) 1110
c 15) - c 17) - 0 ( 3 ) 120°
c 15) - c 17) - H(3) 104°
0 3) - c 17) - N(5) 136°
c 14) - c 18) - 0 ( 4 ) 123°
G 14) - 0 18) - N(3) 105°
0 4) - G 18) - N(3) 129°
c 20) - 0 19) - 0 ( 2 4 ) 114°
G 20) - G 19) - N(2) 105°
C 24) - C 19) - N(2) 159°
G 19) - G 20) - 0(21) 121°
C 20) - G 21) - 0(22) 117°
G 21) - G 22) - 0 ( 2 3 ) 123°
C 21) - C 22) - B r ( l ) 123°
G 23) - C 22) - B r ( l ) 113°
0 22) - C 23) - 0(24) 1120
c 19) - C 24) - 0 ( 2 3 )  
ContT d
132°
TABLE X II -  C o n t* & -
I n te r b o n d  A n g le s .
0 ( 2 6 ) -  0 ( 2 5 ) -  0 ( 5 0 ) 1X9° 0 ( 2 5 ) -  C ( 30)  - 0 ( 2 9 ) 118°
0 ( 2 6 ) -  0 ( 2 5 ) -  H(4) 128° 0 ( 8 ) -  N ( l )  - 0 ( 9 ) 113°
0 ( 5 0 ) -  0 ( 2 5 ) -  N(4) 112° 0 ( 8 ) -  N ( l )  - N(2) 122°
0 ( 2 5 ) -  0 ( 2 6 ) -  0 ( 2 7 ) 126° 0 ( 9 ) -  N ( l )  - H(2) 125°
0 ( 2 6 ) -  0 ( 2 7 ) -  0 ( 2 8 ) 117° 0 ( 1 9 ) -  N(2)  - H ( l ) 109°
0 ( 3 7 ) -  0 ( 2 8 ) -  0 ( 2 9 ) 120° 0 ( 1 7 ) -  N (3 )  - 0 ( 1 8 ) 113°'
0 ( 2 7 ) -  0 ( 2 8 ) -  Br(  2) 122° 0 ( 1 7 ) -  N(3)  - N(4) 123°
C( 29) -  0 ( 2 8 ) -  Br(  2) 117° 0 ( 1 8 ) - 1 1 ( 3 )  — H (4) 1 2 4 °
0 ( 2 8 ) -  0 ( 2 9 ) -  0 ( 5 0 )
oCDHIi—1 0 ( 2 5 ) -  N(4)  - N(3) 114°
TABLE X I I I .
I n t r a m o l e c u l a r  
Eon--~banded D i s t a n c e s . ( i n  & ) .
0 ( 1 ) • • • 0 ( 4 ) ‘6 .0 2 0 ( 7 )  . • • 0 ( 1 5 ) 3 . 2 2
0 ( 3 ) • • • 0 ( 6 ) . 3 . 5 0 0 ( 7 ) • • 0 ( 1 6 ) 3 . 3 9
0 ( 3 ) • • • 0 ( 7 ) 3 .9 0 0 ( 7 ) • • 0 ( 1 8 ) 3 . 9 8
0 ( 3 ) • • • 0 ( 1 3 ) 4 . 2 9 0 ( 7 ) • • 0 ( 1 ) 3 . 1 5
0 ( 3 ) • • • 0 ( 1 4 ) 3 . 7 4 0 ( 8 ) • • 0 ( 1 3 ) 3 . 2 6
0 ( 3 ) • • • 0 ( 1 7 ) 3 . 3 9 0 ( 8 ) • • 0 ( 1 4 ) 3 .7 1
0 ( 3 ) • • • 0 ( 3 ) 3 . 5 7 0 ( 8 ) • • 0 ( 1 9 ) 3 . 2 7
0 ( 4 ) • • • 0 ( 7 ) 3 .3 5 0 ( 8 ) • • 0 ( 2 4 ) 3 . 6 2
0 ( 4 ) • • • 0 ( 1 3 ) 4 . 2 6 0 ( 9 ) • # 0 ( 1 9 ) 2 . 9 8
0 ( 4 ) • • • 0 ( 1 4 ) 4 . 1 4 0 ( 9 ) • • 0 ( 2 4 ) 3 .3 1
0 ( 4 ) • • • 0 ( 1 5 ) 3 .4 1 0 ( 1 1 ) • ♦ 0 ( 4 ) 3 .5 1
0 ( 4 ) • • • 0 ( 2 ) 3 . 1 0 0 ( 1 3 ) • • 0 ( 1 6 ) 3 . 3 2
0 ( 5 ) • • • 0 ( 1 3 ) 3 . 6 1 0 ( 1 3 ) • • 0 ( 1 ) 3 . 5 3
0 ( 5 ) • • • 0 ( 1 4 ) 3 .6 5 C( 13 ) • • 0 ( 4 ) 2 . 9 0
0 ( 5 ) • • • 0 ( 1 5 ) 3 . 3 8 0 ( 1 6 ) • • 0 ( 3 ) 2 . 8 7
0 ( 5 ) * ♦ • 0 ( 1 6 ) 3 . 2 4 0 ( 1 7 ) • • 0 ( 2 5 ) 3 . 2 3
0 ( 6 ) • • • C (1 4 ) 3 . 0 4 0 ( 1 7 ) • • 0 ( 2 6 ) 3 . 3 3
0 ( 6 ) • • • 0 ( 1 5 ) 3 . 3 3 0 ( 1 8 ) • • 0 ( 2 5 ) 3 . 1 9
0 ( 6 ) • • • 0 ( 1 6 ) 3 .5 9 0 ( 1 8 ) • • 0 ( 2 6 ) 3 . 4 4
0 ( 7 ) • • • 0 ( 1 1 ) 3 . 8 7 0 ( 1 9 ) • • 0 ( 1 ) 3 . 5 7
-  C o n t ’ d -
TABLE X I I I . -  Cont* d -
I n t r a m o l e c u l a r
• /  0  VN o n -b o n d ed  D i s t a n c e s  ( i n  A ) .
0 ( 1 9 ) . . .  0 ( 2 ) 3 .2 0
0 ( 2 0 ) . . .  N ( l ) 3 . 5 9
0 ( 2 4 ) . . .  0 ( 1 ) 3 • 9(0
0 ( 2 4 ) . . .  0 ( 2 ) 3 . 5 4
0 ( 2 4 ) . . .  W(l ) 2 . 9 7
0 ( 2 5 ) . . .  0 ( 3 ) 3 . 7 9
0 ( 2 5 ) . . .  0 ( 4 ) 3 . 4 2
0 ( 2 6 ) . . .  0 ( 3 ) • 00 cr>
C( 2T6) . . .  0 ( 4 ) 3 .7 1
0 ( 2 6 ) . . .  N( 3) 2 . 7 6
C( 30) . . .  N(3) 3 . 5 7
0 ( 1 ) . . .  N(2) 2 . 8 4
0 ( 2 ) . . .  N( 2) 2 . 9 6
0 ( 3 ) . . .  H(4) 3 .1 8
0 ( 4 ) . . .  N( 4) 2 .9 1
I n t e r m o l e c u l a r  Bond L e n g t h s .
( < 4  ft)
The s u b s c r i p t s  r e f e r  t o  t h e  f o l l o w i n g  e q u i v a l e n t  
p o s i t i o n s :
I . X f l , y , ® VI. y + l , x , z -
I I . x , y + l , s , V I I . • J + y , i - x , | + z
I I I . • i + x , 4 - y , | - z V I I I . i - y , i + x , i + z
IV . ■2+x  > “ i ~ y  >I - Z IX. ~ 2 +^> 2 ~y - z
V. y > x , z
0 ( 3 )  . . . . H ( 2 ) IV 2 . 8 6 0 ( 2 )  . . .  . C ( 3 0 ) IV 3 . 6 4
0 ( 2 )  . . . . H ( 4 ) IV 2 . 9 4 0 ( 2 )  . . .  . 0 ( 2 ) IV 3.6V
B r ( l ) . . . . 0 ( 2 7 ) ™ - 3 .2 5 c ( i o ) . . . , C ( 2 9 ) 11 3 . 6 7
0 ( 3 )  . . . . C ( 2 0 ) IV 3.2V 0 ( 3 )  . . . . C ( 1 9 ) IV 3 .6 9
0 ( 4 )  . . . . O ( l ) 111 3 . 4 4 0 ( 2 )  . . .  . 0 ( 2 3 ) I ] : i 3 . 7 0
0 ( 2 7 ) . . . . C ( 2 7 ) V 3 . 4 4 0 ( 2 2 ) . . . .C( 2 9 ) IV 3 . 7 2
0 ( 5 )  . . . . 0 ( 1 ) ^ 3 .4 8 0 ( 2 7 ) . . . . C ( 2 8 ) V 3 . 7 2
0 ( 1 )  . . . . 0 ( 2 ) IV 3 .4 9 0 ( 1 )  . . . . H ( 3 ) IV 3 . 7 3
0 ( 2 8 ) . . . . C ( 2 8 ) V 3 .5 0 0 ( 1 1 ) . . . . C ( 2 9 ) J ^ 3 . 7 3
0 ( 4 )  . . . .  C ( 24)  ^  I "C 3 . 5 4 c ( i )  . . . . 0 ( 3 ) IV 3 . 7 4
0 ( 3 0 ) . . . . B r ( 2 ) V 3 .5 5 0 ( 1 0 ) . . . . B r ( 2 ) 11 3 . 7 4
0 ( 1 )  . . . . 0 ( 1 7 ) IV 00
LO•to 0 ( 2 8 ) . . . . C ( 2 9 ) V 3 . 7 7
C ( 2 6 ) .  . . . C ( 2 7 ) V 3 .5 9 0 ( 2 )  . . . . C ( 2 5 ) IV 3 . 7 7
0 ( 1 )  . . . . C ( 9 ) IV 3 .6 1 0 ( 2 )  . . . . H ( 3 ) IV 3 .7 7
0 ( 7 )  . . . . C ( 2 0 ) I ] ; I 3 . 6 2 B r ( l ) . . . . 0 ( 2 8 ) VI1 3 .7 8
0 ( 2 0 ) . . . .B r (  2 ) IX 3.64 0(2) . . . . 0 ( 4 ) 1 3.81
-  G o n t ' d  -
TABLB XIV. (C o n t* d )
I n t e r m o l e c u l a r  Bond L e n g t h s . 
( < 4  i )
C ( l O ) . . . . C ( 2 8 ) 11 3 . 8 2 0 ( 1 6 ) . . . . C ( l O ) V 3 • 93
C( 2 7 )  . . . . N ( 4 ) V 3 . 8 2 0 ( 1 6 ) . . 3 . 9 5
C ( 2 3 ) . . . . C ( 3 0 ) IV 3 .8 5 0 ( 2 4 ) . . . . o ( i ) 111 3 . 9 3
C ( 2 5 ) . . . . B r ( 2 ) V 3 . 8 5 0 ( 2 6 ) . . . . 0 ( 2 8 ) V 3 . 9 4
C ( 29 ) . . . . B r ( 2 ) v 3 . 8 6 0 ( 3 )  . . . . B r ( 2 ) VI 3 . 9 4
0 ( 4 )  . . . . B r ( 2 ) V 3 . 8 6 B r ( l ) . . . . C ( 2 6 ) VI1 3 . 9 4
C ( 1 6 ) . . . . C ( 2 3 ) I:CI 3 . 8 7 0 ( 4 )  . . . . C ( 1 9 ) I:CI 3 . 9 6
0 ( 2 )  . . . . 0 ( 4 ) IV 3 . 8 7 0 ( 4 )  . . . . C ( 2 3 ) 111 3 .9 6
C ( 1 2 ) . . . , C ( 2 9 ) l r 3 .8 8 0 ( 2 4 ) . . . .C'( 3 0 ) IV 3 . 9 6
C(2 3  ) . . . . 0 ( 4 ) ' i:i1 3 .8 8 0 ( 2 8 ) . . . . C ( 3 0 ) V 3 . 9 7
0 ( 7 )  . . . . C ( 21 ) II:!: 3 . 9 0 0 ( 9 )  . . . . O ( l ) 111 3 .9 8
0 ( 1 2 ) . . . . C ( S a ) 111 3 . 9 0 0 ( 1 2 ) . . . . C ( 3 0 ) ^ 3 . 9 8
0 ( 1 5 ) . . . . C ( 1 0 ) V 3 . 9 0 0 ( 2 7 ) . . . . C ( 1 1 ) V 3 . 9 8
0 ( 1 0 ) . . . . B r ( l ) ™ 3 . 9 2 0 ( 2 3 ) . . . . 0 ( 2 9 ) IV 3 . 9 9
0 ( 2 6 ) . . . . C ( 1 0 ) V 3 . 9 2
TABLE XV.
C o m p ar i so n  o f  d i m e n s i o n s  
o f  C e r t a i n  A c i d s  and  Amides .
S t r u c t u r e C-C-X
( ° )
C-C-0
( ° )
o=c-x
( ° )
° o C
(&)
C-X
(i)
Ref
Bo.
B e n z o ic  A c id 118 122 122 1 . 4 8 1 . 2 9 1
Benzam ide 116 122 122 1 . 4 8 1 . 3 1 2
A c e t i c  A c i d 116 122 122 1 .5 4 1.29 3
Ac e t a m i d e 109 129 122 1 . 5 1 1 . 3 8 4
O x a l i c  A c id  D i h y d r a t e l l S 122 126 1 . 5 3 1 . 2 9 5
Oxamide 115 120 126 1 . 5 4 1 . 5 2 6
S o r b i c  A c i d 115 122 123 1 . 4 5 1 . 3 2 N
7
C r o t o n i c  A c i d 113 122 125 1 . 5 0 1 . 3 0
M a l e i c  A c i d  * 124 119 111 1 . 4 7 1 . 2 8 8
M a l e a t e  i o n  * 120 117 • 123 1 . 4 9 1 . 2 9 9
M a l e i c  A n h y d r id e 108 131 121 1 . 4 7 1 • 38 10
S u c c i n i m i d e 108 129 124 1 . 5 1 1 . 3 9 11
N - c h l o r o s u c c i n i m i d e  107 130 124  1 . 4 8
* M a l e i c  A c i d  an d  M a l e a t e  i o n  b o t h  h a v e
s ix - m e m b e r e d  r i n g s  due to  h y d r o g e n - b o n d i n g .
1 . 3 9 12
R e f e r e n c e s  f o r  T a b le  XV.
1 .  G-.A. Sim, J.M. R o b e r t s o n ,  and  T.H .G oodw in .
A c t a  C r y s t . (1 9 5 5 )  8 ,  1 5 7 .
2 .  B . R . P e n f o l d  an d  J . C . B .  W h i te .
A c t a  C r y s t . ( 1 9 5 9 )  1 2 ,  1 5 0 .
3 .  R . E . J o n e s  and  D .H .T e m p le to n .
A c t a  C r y s t . ( 1 9 5 8 )  1 1 ,  4 8 4 .
4 .  P. S e n t i  an d  D . H a r k e r .
J .A m .C h em .S o c . ( 1 9 4 0 )  6 2 ,  2 0 0 8 .
5 .  F .R .  Ahmed an d  D, W. J . C r u i c k s h a n k .
A c t a  C r y s t . ( 1 9 5 3 )  6 ,  385 .
6 .  E. M .A y e r s t  an d  J . R . C . D u k e .
A c t a  C r y s t . ( 1 9 5 4 )  7 ,  5 8 8 .
7 .  S. A.M. S u t h e r l a n d .  P h . D . T h e s i s  ( 1 9 6 1 ) .
The U n i v e r s i t y  o f  G lasgow.
8 .  M .S h a h a t .  A c t a  C r y s t . ( 1 9 5 2 )  5 ,  7 6 2 .
9 .  S . P . D a r l o w  and  W .Cochran .
A c t a  C r y s t . ( 1 9 6 1 )  1 4 ,  1 2 5 0 .
1 0 .  R .E .M a r s h ,  E . U b e l l ,  H. E. W i lco x .
A c t a  C r y s t . ( 1 9 6 2 )  1 5 ,  35 .
1 1 .  R .Mason .  A c t a  C r y s t . ( 1 9 6 1 )  1 4 ,  7 2 0 .
12.  R .N .Brow n.  A c t a  C r y s t . ( 1 9 6 1 )  1 4 ,  7 1 1 .
PART I I I .
The S t r u c t u r e  o f  A t r o v e n e t i n :
X - r a y  A n a l y s i s  o f  a T r i m e t h y l  e t h e r  
F e r r i c h l o r i d e  o f  A t r o v e n e t i n .
The S t r u c t u r e  o f  A t r o v e n e t i n :
X - r a y  A n a l y s i s  o f  a T r i m e t h y l  e t h e r  
F e r r i c h l o r i d e  o f  A t r o v e n e t i n .
I n t r o d u c t i o n :
A t r o v e n e t i n  (.C^gH^gOg) was i s o l a t e d  f rom  P e n i c i l l i u m  
a t r o v e n e t u r n  G .S m i th  "by N e i l l  an d  R a i s t r i e k  ( 1 9 5 7 ) .  The 
c l o s e l y  r e l a t e d  s p e c i e s  P .  H e r q u e i  B a i n i e r  an d  S a r t o r y  
h a s  "been shown ( S t o d o l a  e t  a l .  1 9 5 1 ,  G a la i raga  e t  a l .  1 9 5 5 ,  
a n d  Harman e t  a l . ,  1955)  to  c o n t a i n  l i e r q u e i n o n e  ^G1 9 H17°6^  
a n d  n o r h e r q u e i n o n e  (CqgHqgOy)* B a r t o n ,  de Mayo, M o r r i s o n ,  
S c h a e p p i ,  a n d  R a i s t r i e k  ( 1 9 5 6 )  showed t h a t  a t r o v e n e t i n  
was i d e n t i c a l  w i t h  d e o x y n o r h e r q u e i n o n e . B a r t o n ,  de Mayo, 
M o r r i s o n ,  an d  R a i s t r i e k  ( 1 9 5 9 )  p r o d u c e d  e v i d e n c e  f o r  t h e  
s t r u c t u r e  ( I ) ,  o r  i t s  e q u i v a l e n t  t a u t o m e r ,  t o  h e  t h a t  o f  
a t r o v e n e t i n .  L a t e r  h i o g e n e t i c  an d  c h e m i c a l  e v i d e n c e  
s u g g e s t e d  t h a t  t h i s  s t r u c t u r e  m i g h t  h e  i n c o r r e c t ,  
p a r t i c u l a r l y  i n  t h e  p o i n t  and  m a n n e r  o f  a t t a c h m e n t  o f  t h e  
f i v e - m e m b e r e d  e t h e r  r i n g .
N e i l l  an d  R a i s t r i e k  (1 9 5 7 )  p r e p a r e d  a  l a r g e  number  
o f  m e t h y l  e t h e r s  o f  a t r o v e n e t i n ,  o f  w h ich  two were 
t r i m e t h y l  e t h e r s ,  one  h e i n g  o r a n g e ,  an d  t h e  o t h e r  y e l l o w .  
B a r t o n ,  de Mayo, M o r r i s o n ,  an d  R a i s t r i e k  (1 9 5 9 )  were  a h l e  
t o  show t h a t  a s s u m in g  ( i )  t o  h e  t h e  s t r u c t u r e  o f  a t r o v e n e t i n ,
9 5 .
t h e  s t r u c t u r e s  o f  t h e  1 o r a n g e 1 an d  ; ye l low *  t r i m e t h y l  
e t h e r s  were  ( I I )  a n d  ( I I I )  r e s p e c t i v e l y .  B a r t o n  was 
a h l e  t o  p r e p a r e  c r y s t a l l i n e  d e r i v a t i v e s  o f  b o t h  t r i m e t h y l  
e t h e r s  by r e a c t i n g  them w i t h  f e r r i c  c h l o r i d e  i n  a c i d  
s o l u t i o n  t o  fo rm  t h e  f e r r i c h l o r i d e  s a l t s .  The 
d e r i v a t i v e  o f  t h e  ’ o r a n g e T t r i m e t h y l  e t h e r  c r y s t a l l i s e d  
a s  t h i n  r e d  p l a t e s ,  w h i l e  t h a t  o f  t h e  * ye l low *  t r i m e t h y l  
e t h e r  f o rm e d  v e r y  t h i n  o r a n g e  l a t h e s .
P r e l i m i n a r y  p h o t o g r a p h s  on  h o t h .  d e r i v a t i v e s  
i n d i c a t e d  t h a t  t h e  f e r r i c h l o r i d e  s a l t  o f  t h e  ’ o range*  
t r i m e t h y l  e t h e r  w ou ld  p r o v i d e  t h e  more  s u i t a b l e  m a t e r i a l  
f o r  X - r a y  a n a l y s i s .
OMe
HO one
>ne
OH
.OH
E x p e r i m e n t a l :
A t r o v e n e t i n  T r i m e t h y l  E t h e r  F e r r i c h l o r i d e  
(C 22H240 6 H+ , Pe Cl ” ) M = 5 3 2 . 8 ,  m .p .  1 5 1 * 1 5 2 ° C . ,
d c a l c . = 1 , 5 1 0  ^ e a s W  1 , 5 2 6  g m . / o o .
0 * 0  o
Iv lo n o c l in ic ,  a  =  1 7 . 0 4  A, b  = 9 . 6 9  A, c = 1 5 . 6 6  A,
^3 = 9 6 ? 3 5 *} Y  =  2569 A^; no .  o f  m o l e c u l e s / u n i t
c e l l  (Z )  = 4 ;  A b s e n t  S p e c t r a ,  OlaO' when k  i s  o d d .
2
Space  Group P 2 ^  ( C g ) .  A b s o r p t i o n  c o e f f i c i e n t  f o r  
X - r a y s  =  1 . 5 4 2  A) j x  = 9 1  cmT1 F(OOO) =  1 1 9 6 .
The c r y s t a l s  o f  t h e  a t r o v e n e t i n  d e r i v a t i v e  w ere  i n  
t h e  fo rm  o f  v e r y  f i n e  p l a t e s . .  The c e l l  d i m e n s i o n s  w ere  
o b t a i n e d  f rom  p r e c e s s i o n  p h o t o g r a p h s ,  and  z e r o - l a y e r  
a n d  e q u i - i n c l i n a t i o n  w e i s s e r i b e r g  p h o t o g r a p h s  w ere  em p lo y ed  
t o  c o l l e c t  t h e  i n t e n s i t i e s  b y  r o t a t i n g  t h e  c r y s t a l  a b o u t  
t h e  sym m etry  a x i s .  The i n t e n s i t i e s  were  e s t i m a t e d  
v i s u a l l y ,  t h e  u s u a l  c o r r e c t i o n s  b e i n g  m ade ,  a n d  t h e n  
c o n v e r t e d  to  s t r u c t u r e  a m p l i t u d e s .  I n  s p i t e  o f  t h e  h i g h  
l i n e a r  a b s o r p t i o n  c o e f f i c i e n t ,  no a b s o r p t i o n  c o r r e c t i o n s  
were  t h o u g h t  n e c e s s a r y  due to  t h e  v e r y  s m a l l  c r o s s - s e c t i o n  
o f  t h e  c r y s t a l s  i n  t h e  p l a n e  o f  t h e  X - r a y  beam .  The 
v a r i o u s  z o n e s  were  s c a l e d  a c c o r d i n g  t o  e x p o s u r e  t i m e ,  
an d  a t  a l a t e r  s t a g e  i n  t h e  a n a l y s i s ,  s c a l e d  r e l a t i v e  to  
t h e  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s .  I n  a l l ,  2 , 3 8 0  
s t r u c t u r e  a m p l i t u d e s  were  o b t a i n e d .
S t r u c t u r e  D e t e r m i n a t i o n :
(A) D e t e r m i n a t i o n  o f  H eavy  Atom P o s i t i o n s .
I n  t h e  hDJt z o n e ,  t h e  rows of* r e f l e x i o n s  w here  h  i s  
o d d  a r e  e i t h e r  a b s e n t  o r  v e r y  weak. As t h i s  e f f e c t  i s  
l i m i t e d  to  t h e  h O i  z o n e ,  i t  a p p e a r s  t h e r e  m u s t  h e  a 
p s e u d o  g l i d e  p l a n e  i n  t h e  d i r e c t i o n  o f  t h e  a -  a x i s .
As t h e  a t r o v e n e t i n  m o l e c u l e  p o s s e s s e s  an  a s y m m e t r i c  
c e n t r e  a t  C ( 9 ) ,  i t  c o u l d  n o t  c r y s t a l l i s e  i n  a s p a c e  g r o u p  
c o n t a i n i n g  a g l i d e  p l a n e .  The a s s u m p t i o n  was made t h a t  
t h e  p s e u d o  g l i d e  p l a n e  p r o b a b l y  o n l y  i n v o l v e s  t h e  h e a v y  
a tom  g r o u p i n g ,  o r  i n d e e d  p o s s i b l y  j u s t  t h e  i r o n  a to m s .  
T h i s  a s s u m p t i o n  i s  s u b s t a n t i a t e d  b y  t h e  r e l a t i v e l y  weak 
s t r u c t u r e  a m p l i t u d e s  f o u n d  i n  t h e  rows where  h  i s  o d d .
A c c o r d i n g l y ,  i f  t h e  c o - o r d i n a t e s  o f  t h e  i r o n  atom 
a r e  x ^ ,  y ^ , z ^ ,  t h o s e  o f  t h e  p s e u d o - r e l a t e d  i r o n  atom 
w i l l  b e  Xg, y g ,  Zg w h e r e ,
Xg = ^  + x^ an d  z g = z^
The v e c t o r s  to  b e  e x p e c t e d  i n  t h e  P a t t e r s o n  f u n c t i o n  a r e  
g i v e n  i n  T a b le  I .
TABLE I .
E q u i v a l e n t
P o s i t i o n s xi  ?yi » z i 2+2^ 9^r<29 ^1 > 2+yx 9 z q 2 *“^q.5 ^  *^ 2 ’ ^1
X1 »2Ti 9 zi - i b y - L - y ^ o 2 X i ,  ^  f 2z^ i+2X n, |+y1 - y cl
•Pz!
2+ ? yg > k>J2~yl f0 - "2+ > 2+y2 - y i?
2x-^ ? f 2z^
x i , 2+ y l . , z i - 2 x 1 , | , - 2 z 1 i “ Sx1?
i + y i - y 2?
" 2 z i
■g > «^l’” r^2 ,2
%
1  _  O-y2 “  j
i + y g - y i >
“ Szrl
>2}-^  z^ 4>y2~yi >0
The v e c t o r s  so o b t a i n e d  wou ld  c o r r e s p o n d  to  t h e  s e t  
f o r  t h e  s p a c e  g r o u p  P 2 ^ / a .  i f  yg = i - y ^ *
The P a t t e r s o n  f u n c t i o n  f o r  t h e  m o n o c l i n i c  s y s t e m  i s :  
00 oO oO
p(uvw) = -4/  t-t.lL  [ ( |P0 ( m ) l 2 + lp0 (hki) | 2 )
c o o o u
c o s  2'fIhU c o s  2 f l k V  c o s  STlilW -
( |P0 (h.k£)|  2 - | P 0 ( h k I ) |  2 ) s i n  g f lhU  c o s  2 t l k V  s i n  2 n i l W
The P a t t e r s o n  p r o j e c t i o n  P(UW) was com pu ted  w i t h  
248 t e r m s ,  t h e  c o e f f i c i e n t s  o f  w h ich  were  m o d i f i e d  b y  
a  ’s h a r p e n i n g *  f u n c t i o n  o f  t h e  t y p e  d e s c r i b e d  e a r l i e r .
T h i s  p r o j e c t i o n  i s  shown i n  P i g . I .  The p a t t e r n  i s  
r e p e a t e d  to  a f i r s t  a p p r o x i m a t i o n  i n  t h e  i n t e r v a l  ^  , 
w i t h  a  p s e u d o  o r i g i n  a t  ( ^ , 0 ) .  I t  was h o p e d  t h a t  
t h i s  p r o j e c t i o n  w ou ld  g i v e  i n f o r m a t i o n  w h ich  would  
e n a b l e  t h e  d i s p o s i t i o n  o f  t h e  c h l o r i n e  a tom s  a r o u n d  
t h e  i r o n  a tom  to  b e  e l u c i d a t e d .  Q u i t e  a p a r t  f rom  t h e  
q u e s t i o n  o f  p s e u d o - s y m m e t r y  an d  p o s s i b l e  d i f f e r e n t  
r e l a t i v e  o r i e n t a t i o n  i n  s p a c e  o f  t h e  c h l o r i n e  a tom s  
o f  t h e  two m o l e c u l e s  i n  t h e  a s y m m e t r i c  u n i t ,  t h e  
p o s s i b i l i t y  e x i s t s  o f  t h e  c h l o r i n e  a tom s b e i n g  g r o u p e d  
e i t h e r  t e t r a h e d r a l l y ,  t h e  more l i k e l y  s t r u c t u r e ,  o r  
b e i n g  d i s p o s e d  a t  t h e  c o r n e r s  o f  a  s q u a r e .
U n f o r t u n a t e l y ,  t h e  h i g h e s t  n o n - o r i g i n  p e a k  (A) 
i n  t h e  p r o j e c t i o n  p r o v e d  n o t  to  b e  t h e  v e c t o r  b e tw e e n
T w o -d im e n s io n a l  P a t t e r s o n  p r o j e c t i o n  down 
t h e  b - a x i s ,  P(U,W).  The c o n t o u r s  a r e  drawn 
on an  a r b i t r a r y  s c a l e .  The p e a k s  r e f e r r e d  to  
i n  t h e  t e x t  a r e  m a r k e d  on  t h e  d i a g r a m .
o i  2 3 n
F i g . I I . The t h r e e - d i m e n s i o n a l  P a t t e r s o n  f u n c t i o n ,  
s e c t i o n  P ( U ,^ ,W ) .  The c o n t o u r s  a r e  drawn 
on an  a r b i t r a r y  s c a l e .  The p e a k s  r e f e r r e d  
t o  i n  t e x t  a r e  m a r k e d  o n  t h e  d i a g r a m .
s y m m e t r i c a l l y - r e l a t e d  i r o n  a to m s .  As t h e  t w o - d i m e n s i o n a l  
a p p r o a c h  h a d  p r o v e d  u n h e l p f u l ,  r e c o u r s e  was h a d  to  t h r e e -  
d i m e n s i o n a l  m e t h o d s .
The t h r e e - d i m e n s i o n a l  P a t t e r s o n  map was co m p u te d  w i t h  
2 , 5 8 0  t e r m s .  The s e c t i o n  P(U,-g,W) i s  shown i n  P i g . I I .  
T h i s  s e c t i o n  c o n t a i n s  t h e  v e c t o r  2x-j_,-| ,2z^ due  to  t h e  
i r o n  a to m s ;  i t  c a n  h e  s e e n  t h a t  t h e r e  a r e  two l a r g e  
p e a k s ,  (B) a n d  ( C ) ,  n e i t h e r  o f  w h ich  c o r r e s p o n d s  t o  t h e  
p e a k  c h o s e n  f ro m  t h e  P(UW) p r o j e c t i o n .  T h e re  s h o u l d  h e  
a  p e a k  o n  t h e  l i n e  P ( -g ,V ,0 )  due to  t h e  v e c t o r  a t  
2 >y2 “ 5rl ,0# A l a r , Se maximum was f o u n d  on  t h i s  l i n e  
a t  V = w h ich  t h u s  c o r r e s p o n d s  t o  t h e  d i f f e r e n c e  i n
t h e  y -  c o - o r d i n a t e s  o f  t h e  i r o n  a to m s .  A c c o r d i n g l y ,  
t h e r e  s h o u l d  h e  a  p e a k  c o r r e s p o n d i n g  to  t h e  v e c t o r  
i + 2 x ^ ,  i+ 7 ]_ -ys > on  t h e  s e c t i o n  o f  t h e  m a p , P ( U , 3/£,4 , w ) .
E x a m i n a t i o n  o f  t h i s  s e c t i o n  r e v e a l e d  p e a k s  c o r r e s p o n d i n g  
t o  t h e  U- a n d  W- v a l u e s  o f  h o t h  t h e  l a r g e  p e a k s  on  t h e  
s e c t i o n  P (U ,  W). The p e a k  c o r r e s p o n d i n g  t o  t h e  p e a k  
( b )  on  t h e  s e c t i o n  P(U ,  W) l i e s  v e r y  n e a r  t o  t h e  o r i g i n  
a n d  c o u l d  n o t  r e p r e s e n t  an  Pe -  Pe v e c t o r ,  h u t  a l m o s t  
c e r t a i n l y  r e p r e s e n t s  e i t h e r  a 0 1  -  Cl v e c t o r  o r  an  
Pe -  C l  v e c t o r .  I n  t h i s  c a s e ,  t h e  p e a k  (C) i n  P i g . I I  
was t a k e n  a s  r e p r e s e n t i n g  t h e  v e c t o r  a t  ( 2 x ,  -J, 2 z )  due  
to  t h e  i r o n  a to m s .  By c h o o s i n g  t h e  o r i g i n  on t h e  h -  a x i s
a t  a  p o i n t  m id -w a y  "between t h e  y -  c o - o r d i n a t e s  o f  t h e  
two i r o n  a t o m s ,  t h e  f o l l o w i n g  s e t s  o f  c o - o r d i n a t e s  f o r  
t h e  i r o n  a to m s  were  o b t a i n e d  ( T a b l e  I I ) .
TABLE I I .
x/a Vb %
F e ( l ) 0 . 1 2 6 0 . 5 2 1 0 . 2 4 9
F e ( 2 ) 0 . 6 2 6 - 0 . 5 2 1 0 . 2 4 9
The r a t i o  o f  t h e  s q u a r e  o f  t h e  a to m ic  number  f o r  
i r o n  to  t h a t  o f  t h e  sum o f  t h e  s q u a r e s  o f  t h e  o t h e r  a to m s  
i s  0 . 2 8 6 ,  w h ich  s u g g e s t s  t h a t  a c a l c u l a t i o n  b a s e d  o n  t h e  
p o s i t i o n  o f  t h e  i r o n  a tom a l o n e  w ou ld  n o t  p r o v i d e  a 
r e a s o n a b l e  a p p r o x i m a t i o n  to  t h e  t r u e  p h a s e s  a n d  t h e  
i n t e r p r e t a t i o n  o f  a F o u r i e r  map c a l c u l a t e d  w i t h  o b s e r v e d  
s t r u c t u r e  a m p l i t u d e s  a n d  t h e s e  p h a s e s  m i g h t  p r o v e  v e r y  
d i f f i c u l t .  An a l t e r n a t i v e  p r o c e d u r e  w ou ld  b e  t o  a t t e m p t  
t o  l o c a t e  t h e  Pe -  C l  v e c t o r s  i n  t h e  t h r e e - d i m e n s i o n a l  
P a t t e r s o n  map an d  h e n c e  f i n d  t h e  c o - o r d i n a t e s  o f  t h e  
c h l o r i n e  a to m s .  The r a t i o  o f  t h e  sum o f  t h e  s q u a r e s  
o f  t h e  a to m ic  n um bers  o f  known a tom s  to  t h o s e  o f  unknown 
a to m s  wou ld  t h e n  b e  1 . 5 2 5 ,  a much more  f a v o u r a b l e  s i t u a t i o
S u p e r p o s i t i o n  o f  t h e  o r i g i n  o f  t h e  t h r e e - d i m e n s i o n a l  
P a t t e r s o n  map on  t h e  i r o n  p o s i t i o n s  r e v e a l e d  t h a t  t h e r e  
were  f o u r  c h l o r i n e  a tom s  g r o u p e d  t e t r a h e d r a l l y  a r o u n d  
e a c h  i r o n  a to m ,  i n  p o s i t i o n s  e x a c t l y  r e l a t e d  h y  a  g l i d e  
p l a n e  a l o n g  t h e  a -  a x i s .  T h u s ,  t h e  d e v i a t i o n  f rom  t h e  
s p a c e  g r o u p  P 2 ^ / a  m u s t  i n v o l v e  o n l y  t h e  o r g a n i c  p a r t  
o f  t h e  s t r u c t u r e .  A s t r u c t u r e  f a c t o r  c a l c u l a t i o n  "based 
o n  t h e  p o s i t i o n  o f  t h e  i r o n  a to m ,  an d  F o u r i e r  ( P 0 ) s e c t i o n s  
a t  t h e  e x p e c t e d  p o s i t i o n s  o f  t h e  c h l o r i n e  a to m s  c o n f i r m e d  
t h i s  c o n c l u s i o n  an d  p r o v i d e d  more  a c c u r a t e  c o - o r d i n a t e s  
f o r  t h e  c h l o r i n e  a to m s .  The d i s c r e p a n c y  b e tw e e n  
o b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s  i n  t h i s  
c a l c u l a t i o n  was 73%, ( T h i s  f i g u r e  i n c l u d e d  t h e  hOJfc t e r m s  
w i t h  h  o d d ,  w h ic h  c a l c u l a t e d  z e r o . )
The e x p r e s s i o n  f o r  t h e  s t r u c t u r e  f a c t o r  f o r  t h e  
s p a c e  g r o u p  V2-^ i s  g i v e n  b y ;
A (h k £ )  =•- 2
3
N /r
B ( h k t )  = 2
D
c o s  2 H ( h X j  4. £ z i j )  s i n  2 flky-j 
when k  i s  e v e n
1 0 2 .
a n d ’  %
A(hk>0 = - 2  ^  f.. s i n  211 (hx^ ) s i n  S l l k y ^
3
N/2
B(hk(L) = * 2 21 s i n  2 n ( h X j  + £ 2^ )  c o s  Sf lky- j
3 when k  i s  o d d .
The e x p r e s s i o n  f o r  t h e  e l e c t r o n  d e n s i t y  p  (XYZ) i s
r  oo oo oo k=.2n
£> ( XI Z)  =- 4/  I i  I  l { | A ( h l c « ) |  ( c o s  2 n hX c o s 2 f l k Y  c o s  2ll£Z
C L_ -do ~oO ~o0
s i n  2 f l h X  c o s  2 n kY s i n  2 f l £ Z )  + | B ( h k £ ) |  ( c o s  2 n h X
s i n  2 f l k Y  c o s  2T1 £Z -  s i n  2 f l h X  s i n  2 H k Y  s i n  2
co ^  ^  k = 2 n + l  
+ 1  2 X { i A( hk  0 1  ( c o s  2 ( l h X  s i n 2 f l k Y  s i n 2 n £ Z  -
- 9<3 -0 0  -00
ntz)f
s i n  2 ' f lhX  s i n  2 f lkY c o s  2 f l £ Z )  + |B:(hkC_)| ( s i n  2 ( l h X  
c o s  2 'f lkY c o s  2 { J l Z  -  c o s  2 ( l h X  c o s  2 nkY s i n  2n£z)}]
1 0 3 .
( b ) S c a t t e r i n g  Curve  f o r  I r o n .
The fo rm  f a c t o r  f o r  i r o n  c a l c u l a t e d  b y  Freem an
a n d  Wood (1 9 5 9 )  was a c c e p t e d  a s  t h e  b e s t  a v a i l a b l e .
M os t  c a l c u l a t i o n s  o f  a t o m i c  s c a t t e r i n g  f a c t o r s  a ssum e
t h a t  t h e  f r e q u e n c y  o f  t h e  i n c i d e n t  r a d i a t i o n  (cDj_) i s
l a r g e  i n  c o m p a r i s o n  to  an y  a b s o r p t i o n  f r e q u e n c y  (c0^.)
o f  t h e  s c a t t e r i n g  a tom .  T h i s  a s s u m p t i o n  i s  n o t  v a l i d
i n  t h e  c a s e  o f  i r o n  s c a t t e r i n g  c o p p e r  r a d i a t i o n .  The
K. a b s o r p t i o n  ed g e  f o r  i r o n  o c c u r s  a t  a w a v e l e n g t h  o f  
o
1 . 7 4 2  A w h ic h  i s  n e a r  t h e  w a v e l e n g t h  o f  CuK ^ r a d i a t i o n  
/ o  N( 1 . 5 4 2  A ) .  I n  t h i s  c a s e  c o r r e c t i o n s  h a v e  t o  b e  made 
to  a l l o w  f o r  t h e  d i s p e r s i o n  o f  t h e  X - r a y s  t h a t  r e s u l t s .
L e t  & f  = | f  | -  f 0 ,
where f Q i s  t h e  s c a t t e r i n g  f a c t o r  w i t h o u t  a b s o r p t i o n  
a n d  f  i s  t h e  t r u e  s c a t t e r i n g  f a c t o r .  I t  c a n  b e  shown 
( J a m e s ,  1 9 4 8 )  t h a t  to  a good a p p r o x i m a t i o n
i t  \  2
St =  O f '  + & .Q
K f 0 + Q %
where  d  f^. an d  A f ^  ca n  b e  c a l c u l a t e d  f ro m  H o n ^ s  
t h e o r y .  i s  i n d e p e n d e n t  o f  t h e  s c a t t e r i n g  a n g l e
w h e r e a s  t h e  s e c o n d  t e r n  i s  s l i g h t l y  d e p e n d e n t  on  t h i s  
a n g l e .  The s e c o n d  t e r m  i s  much l e s s  i m p o r t a n t  t h a n  
t h e  f i r s t  t e r m ,  an d  was n e g l e c t e d  i n  t h e  p r e s e n t  work
so t h a t  t h e  c o r r e c t i o n  to  t h e  s c a t t e r i n g  c u r v e  i s  g i v e n  
b y :
S f  = Q f  = - 1 . 7 2
The v a l u e s  o f -  0 f ' K a n d  Q f " K a r e  l i s t e d  "by J a m e s  ( 1 9 4 8 ) .
I t  c a n  h e  a p p r e c i a t e d  t h a t  t h e  e f f e c t  i s  i n s e n s i t i v e  
t o  c h a n g e s  i n  t e m p e r a t u r e ,  a s  t h e  K e l e c t r o n s  a r e  f a r  
r em oved  f ro m  t h e  p e r i p h e r y  o f  t h e  a tom.
(C)  S t r u c t u r e  D e t e r m i n a t i o n .
A f l o w  d i a g r a m  o f  t h e  c o u r s e  o f  a n a l y s i s  i s  shown 
i n  T a b le  I I I .
The s e c o n d  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  was c a r r i e d  
o u t  on  t h e  p o s i t i o n s  o f  t h e  i r o n  and  c h l o r i n e  a to m s .  The 
p o s i t i o n  o f  an  a tom ( x ! , y 4 , z.4 ) r e l a t e d  b y  p s e u d o -  
symm etry  t o  an  a tom ( x ,  y ,  z)  was d e r i v e d  b y  t h e  
f o l l o w i n g  r e l a t i o n s h i p s :  
x 4 = x +  i
y 4 = - y
z 4 = z
The c a l c u l a t i o n  showed a  d i s c r e p a n c y  o f  57 .2% ,  an
e x c e p t i o n a l l y  h i g h  v a l u e  c o n s i d e r i n g  t h e  amount  o f  
s c a t t e r i n g  m a t e r i a l  l o c a t e d .  A H b u r i e r  s y n t h e s i s
TABLE I I I
3-D P a t t e r s o n  Map
4r
P o s i t i o n  o f  Pe a tom s
S. P. I .  (Pe  a tom) 
R = 73%
/
S u p e r p o s i t i o n  o f  P(.UVW) 
on  Pe p o s i t i o n s
P o u r i e r  I
P o s i t i o n  o f  Cl a tom s
^  Pe + 4  Cl a to m s  ( P 2 ^ / a )
S .P .  I I  ( B q = 4 ,  R =: 5 7 . 2 $ )
P o u r i e r  I I  ( 2 , 1 6 4  t e r m s )
I (24- o f  28 l i g h t  a tom s  l o c a t e d  
^  i n  1 m o l e c u l e )
S .P .  I l l  (B 0  = 4 ,  R = 40 .3% )
P o u r i e r  I I I  ( 2 , 2 3 7  t e r m s )
j R e d u c t i o n  o f  symm etry  t o  P2^
4 , ( 2  P e ,  8 Cl  + 49 l i g h t  a to m s  a s  
c a r c o n )
S'.P. IV ( B ^  = 4 . 5 5 ,  R = 32 .9%) 
P o u r i e r  IV  ( 2 , 5 8 0  t e r m s )
S .P .  V ( B ^  = 4 . 3 5 ,  R = 27.8%) 
P o u r i e r  V
^ A l l  a tom s  
S .P .  VI ( B e  = 4 . 6 5 ,  R =r 25.5%) 
P o u r i e r  VI
A l l  a tom s
C o n t ’ d -
TA&bE I I I . ( C o n t Td . )
S .P -  V I I  ( B e  = 4 . 6 5 ,  R = 24.7%)  
P o u r i e r  V I I  ( P  and  Fc s y n t h e s e s )
S .P .  V I I I '  ( I n d i v i d u a l  B@ , R =  22.7%)  
P o u r i e r  V I I I  ( P Q a n d  Pc s y n t h e s e s )
S .P .  IX  ( i n d i v i d u a l  B , R = 22,CP/0) 
P o u r i e r  IX  ( F  and  P s y n t h e s e s )
U  O
^ A l l  a tom s
P i n a l  S t r u c t u r e  F a c t o r  C a l c u l a t i o n
( i n d i v i d u a l  BA , R =- 21,4%
P i n a l  F0 map.
I O m i t t i n g  
f ro m  1 m<
lg two c a r b o n  a to m s  
o l e c u l e
a tom s
1 0 5 .
was com pu ted  w i t h  2 , 1 6 4  r e f l e x i o n s  ( t h e  t e r m s  i n  t h e  h0£ 
zone w i t h  h  odd  a r e  i n c l u d e d  i n  t h i s  n u m b e r ) .
From t h i s  F o u r i e r  map,  t h e  p i c t u r e  o f  t h e  m o l e c u l e  
e m e rg e d  f a i r l y  c l e a r l y  ( I V ) .  T h e re  was  no g r o s s  d i s o r d e r  
i n  t h e  o r g a n i c  p a r t  o f  t h e  s t r u c t u r e ,  a n d  i t  a p p e a r e d  t h a t  
t h e  a r o m a t i c  n u c l e u s ,  a t  l e a s t ,  o c c u p i e d  v e r y  c l o s e l y  t h e  
s e t s  o f  p o s i t i o n s  r e l a t e d  b y  a  p se u d o  g l i d e  p l a n e  a l o n g  
t h e  a -  a x i s .  The m o l e c u l a r  s t r u c t u r e  was a p p a r e n t  f ro m  
t h i s  map,  a l t h o u g h  some a to m ic  p o s i t i o n s  o u t w i t h  t h e  
n u c l e u s  r e m a i n e d  i n  
d o u b t  ( p r o b a b l y  t h e  
p s e u d o  symmetry  
o p e r a t i o n  d o e s  n o t  
a p p l y  i n  t h e s e  c a s e s ) .
The a to m s  0 ( 1 8 ) ,  0 ( 2 0 ) ,
0 ( 2 4 ) ,  a n d  0 ( 2 8 )  c o u l d  
n o t  h e  p r e c i s e l y  l o c a t e d  
h u t  t h e i r  p r e s e n c e  i n  t h  
c h e m i c a l  p o s i t i o n s
shown was e v i d e n t .  The ( IV )
o x y g e n  a to m s  came up  t o  an  a v e r a g e  p e a k  h e i g h t  o f  a h o u t  
4 . 0  e l e c t r o n s / A ^ ,  a n d  t h e  c a r h o n  a to m s  came u p  t o  p e a k  
h e i g h t s  f rom  2 . 0  -  3 . 5  e l e c t r o n s / A ?  T h e re  were  o n l y
zu*
44-
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two o t h e r  p e a k s  i n  t h e  map,  a p a r t  f rom  one o b v i o u s  
d i f f r a c t i o n  r i p p l e ,  t h a t  came up  to  a  h e i g h t  g r e a t e r  
t h a n  2 e l e c t r o n s / A  . These  d i s a p p e a r e d  i n  s u b s e q u e n t  
c y c l e s .
A t h i r d  c y c l e  o f  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s  
i n c l u d i n g  t h e  t w e n t y  f o u r  l i g h t  a tom s  l o c a t e d  i n  t h e  
s e c o n d  F o u r i e r  map a s  c a r b o n  a to m s ,  an d  t h e  i r o n  and  
f o u r  c h l o r i n e  a to m s  r e d u c e d  t h e  R - f a c t o r  t o  40 .3% .
A F o u r i e r  map was c o m p u te d ,  w i t h  t h e  p h a s e s  c a l c u l a t e d  
f rom  t h e s e  a to m ic  p o s i t i o n s ,  o m i t t i n g  143 r e f l e x i o n s .
A l l  t h e  a to m s  i n c l u d e d  i n  t h e  p r e v i o u s  c y c l e  came up  
to  s a t i s f a c t o r y  h e i g h t s ,  a n d  t h e  f o u r  a to m s  n o t  i n c l u d e d
i n  t h e  p r e v i o u s  c y c l e  o f  c a l c u l a t i o n s  were  l o c a t e d  i n
t h i s  map and  c o n f i r m e d  t h e  s t r u c t u r e  o f  t h e  a t r o v e n e t i n  
d e r i v a t i v e  a s  t h a t  shown i n  ( I V ) .
Up to  t h i s  s t a g e  i n  t h e  a n a l y s i s ,  a l l  c a l c u l a t i o n s
h av e  l e d  to  a  mean s t r u c t u r e  c o r r e s p o n d i n g  w i t h  a o n e -  
m o l e c u l e  a s y m m e t r i c  u n i t .
1 0 7 .
(D) R e f in e m e n t  a n d  D e s t r u c t i o n  o f  t h e  P se u d o  Sym m etry .
I n  o r d e r  to  r e d u c e  t h e  symm etry  to  t h a t  o f  t h e  
s p a c e  g r o u p  i t  was d e c i d e d  to  c a l c u l a t e  s t r u c t u r e
f a c t o r s  on  a l l  t h e  a tom s  i n  one m o l e c u l e ,  a n d  o m i t  
C ( l 7 T) ,  C ( 1 8 T) ,  0 ( 2 4 ' ) ,  C ( 2 6 f ) ,  and  0 ( 2 8 * )  f ro m  t h e  
o t h e r  m o l e c u l e .  (From t h i s  s t a g e ,  an  a tom c o r r e s p o n d i n g  
t o ,  f o r  e x a m p l e ,  C (4 )  i n  t h e  s e c o n d  m o l e c u l e  w i l l  h e  
r e f e r r e d  to  a s  0 ( 4 * ) . )  On c l o s e r  e x a m i n a t i o n ,  i t  
was t h o u g h t  t h a t  t h e r e  was some d o u b t  a b o u t  t h e  t r u e  
p o s i t i o n  o f  C ( l 9 )  an d  t h i s  a tom was o m i t t e d  f rom  b o t h  
m o l e c u l e s .
T h i s  c a l c u l a t i o n  gave a d i s c r e p a n c y  o f  32 .9%, a n d  
a l l  t h e  t e r m s  were  i n c l u d e d  i n  t h e  F o u r i e r  s y n t h e s i s .
I n  t h i s  map,  a l l  a to m s  came up t o  s a t i s f a c t o r y  h e i g h t s  
e x c e p t  C ( 2 4 ’ ) ,  0 ( 2 6 ' ) ,  a n d  0 ( 2 8 f ) o f  t h e  m o l e c u l e  
r e l a t e d  b y  p s e u d o  symm etry .  These  were  o m i t t e d  f rom  
t h e  n e x t  c a l c u l a t i o n .  The atom C (19)  came u p  t o  a 
s a t i s f a c t o r y  h e i g h t  i n  b o t h  m o l e c u l e s ,  i n  p o s i t i o n s ,  
c l o s e l y  r e l a t e d  b y  p s e u d o - s y m m e t r y .  The p e a k  
r e p r e s e n t i n g  0 ( 9 ) ,  h o w e v e r ,  was d e f i n i t e l y  e l o n g a t e d  
o v e r  a r e g i o n  o f  a b o u t  1 . 2  8  i n  t h e  x -  d i r e c t i o n .  T h i s  
c o u l d  i n d i c a t e  a  d e v i a t i o n  o f  t h e  o r d e r  o f  0 . 4  8  i n  
a t o m i c  p o s i t i o n s  f ro m  t h e  p o s i t i o n s  r e l a t e d  b y  t h e  
p s e u d o  g l i d e  p l a n e .
1 0 8 .
T h i s  a to m ,  0 ( 9 ) ,  i s  an  a s y m m e t r i c  c e n t r e  an d  
r e f l e x i o n  ( w i t h  o r  w i t h o u t  t r a n s l a t i o n )  w o u ld  fo rm  t h e  
e n a n t i o m o r p h o u s  s t r u c t u r e  i n  t h e  p o s i t i o n  r e l a t e d  by- 
r e f l e x i o n .  T h i s  i s ,  o f  c o u r s e ,  i m p o s s i b l e  a s  s u c h  a 
symm etry  o p e r a t i o n  p r o d u c e s  e f f e c t i v e l y  a d i f f e r e n t  
compound. S u p e r p o s i t i o n  o f  t h e  two s t r u c t u r e s  w o u ld  
b e  i m p o s s i b l e . -  S u p e r im p o s i n g  t h e  t r u e  a s y m m e t r i c  
a t r o v e n e t i n  m o l e c u l e  on  t h e  p o s i t i o n  g e n e r a t e d  b y  t h e  
p s e u d o  s p a c e  g ro u p  P2-j_/a f o r  t h i s  m o l e c u l e  w ou ld  o n l y  
i n v o l v e  d i f f e r e n c e s  i n  t h e  p o s i t i o n s  o f  t h e  a to m s  i n  
t h e  f i v e - m e m b e r e d  e t h e r  r i n g ,  p a r t i c u l a r l y  C ( l 9 ) ,  a n d  
p o s s i b l y  t h e  m e t h y l  g r o u p s  a t t a c h e d  to  t h e  o x y g e n  a to m s  
( F i g . I I l ( a ) ) .  The c a r b o n  a tom ,  C ( 9 ) ,  i s  f r e e  t o  r o t a t e  
so a s  t o  b r i n g  C ( l 9 )  n e a r e r  to  t h e  p o s i t i o n  t h e  
e n a n t i o m o r p h o u s  0 ( 1 9 )  w ou ld  o c c u p y .  These  d e v i a t i o n s  
f ro m  t h e  s p a c e  g r o u p  s i t e s  f o r  0 ( 9 )  a n d  C ( l 9 )  a r e  
p r o b a b l y  t h e  m a j o r  f a c t o r s  i n  t h e  d e v i a t i o n  f rom  t h e  
s p a c e  g r o u p  P2^/ 'ai,  t o g e t h e r  w i t h  t h e  s l i g h t l y  d i f f e r e n t  
p o s i t i o n s  o c c u p i e d  b y  0 ( 1 7 )  a n d  C ( 1 8 ’ ) ,  a n d  0 ( 1 8 )  a n d  
0 ( 1 7 ’ ) r e s p e c t i v e l y .  The m e t h y l  e t h e r  g r o u p s  a l s o  
p r o b a b l y  d e v i a t e  f rom  t h e  p o s i t i o n s  r e l a t e d  b y  p s e u d o  
sym m etry .
A f u r t h e r  c y c l e  o f  c a l c u l a t i o n s  was c a r r i e d  o u t  
o m i t t i n g  t h e  a to m s  0 ( 9 ) ,  C ( 9 T) ,  0(24*),  C(26*) a n d  0(28*)..
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FIG. I I I .
(*) (B)
A) Shows t h e  s u p e r p o s i t i o n  o f  t h e  f i v e - m e m b e r e d  e t h e r  
r i n g  o f  a t r o v e n e t i n  ( u n b r o k e n  l i n e )  on t h e  p o s i t i o n  
a f f o r d e d  f o r  i t  "by t h e  p s e u d o  g l i d e  p l a n e  ( b r o k e n  l in e ) .
B) Shows t h e  c o n f o r m a t i o n  a d o p t e d  b y  t h e  five-mem.be r e d  
r i n g  ( u n b r o k e n )  an d  t h e  c o r r e s p o n d i n g  p o s i t i o n
afforded by the pseudo space group (broken l i n e ) .
1 0 9 .
T h i s  s u c c e e d e d  i n  r e d u c i n g  t h e  R- f a c t o r  t o  27 .8%, a n d  
c o n f i r m e d  t h e  a t t e n u a t e d  n a t u r e  o f  t h e  p e a k s  r e p r e s e n t i n g  
0 ( 9 )  a n d  C ( 9 f ) .  The a to m s  C (9 )  an d  C(9* ) c o u l d  t h e n  h e  
i n c l u d e d  a t  two q u i t e  d i s t i n c t  p o s i t i o n s  f o r  e a c h  
m o l e c u l e ,  w h ic h  d i f f e r  c o n s i d e r a b l y  f rom  t h e  p o s i t i o n s  
r e l a t e d  b y  t h e  p s e u d o  g l i d e  p l a n e .  S l i g h t  d i f f e r e n c e s  
i n  t h e  p o s i t i o n s  o f  t h e  m e t h y l  g r o u p s  a t t a c h e d  to  t h e  
o x y g e n  a to m s  were a l s o  n o t e d .  Two f u r t h e r  c y c l e s  o f  
r e f i n e m e n t ,  i n c l u d i n g  a l l  a t o m s ,  s u c c e e d e d  i n  r e d u c i n g  
t h e  R- f a c t o r  t o  24 .7%, t h e  s e c o n d  o f  t h e  F o u r i e r  
s y n t h e s e s  b e i n g  co m p u ted  w i t h  b o t h  | F0 | a n d | F c | a s  t h e  
F o u r i e r  c o e f f i c i e n t s .  E x a m i n a t i o n  o f  t h e  p e a k  h e i g h t s  
f ro m  b o t h  s y n t h e s e s  a l l o w e d  i n d i v i d u a l  i s o t r o p i c  
t e m p e r a t u r e  f a c t o r s  t o  be  a p p l i e d  to  v a r i o u s  t y p e s  
o f  a tom .
A f u r t h e r  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  was c a r r i e d  
o u t ,  o m i t t i n g  two a to m s ,  C (24*)  and  0 ( 2 8 ’ ) ,  a s  t h e y  came 
up  to  c o n s i d e r a b l y  l o w e r  h e i g h t s  i n  t h e  Fq map t h a n  i n  
t h e  Fc map. I t  was h o p e d  t h a t  t h i s  w ou ld  f u r t h e r  
d e s t r o y  t h e  e f f e c t s  o f  p s eu d o  sym m etry .  T h i s  c a l c u l a t i o n  
showed a  d i s c r e p a n c y  o f  22.7%. A d i f f e r e n c e  map on  t h e  
o u t p u t  f rom  t h i s  c a l c u l a t i o n  i n d i c a t e d  s l i g h t  s h i f t s  i n  
t h e s e  a t o m i c  p o s i t i o n s ,  and  a f u r t h e r  c y c l e  o f  s t r u c t u r e  
f a c t o r  c a l c u l a t i o n s  i n c l u d i n g  b o t h  0 ( 2 4 ' )  a n d  0 ( 2 8 ' )
110.
an d  a d i f f e r e n c e  map showed a d i s c r e p a n c y  o f  22.0%, 
h u t  no s i g n i f i c a n t  a l t e r a t i o n  i n  a t o m i c  p o s i t i o n s .
Owing t o  t h e  number o f  a tom s  i n v o l v e d  ( 6 6 ) ,  t h e  
s t r u c t u r e  c a n n o t  b e  r e f i n e d  b y  a l e a s t  s q u a r e s  t e c h n i q u e  
on  t h e  DEUCE'computer ,  where  t h e  u p p e r  l i m i t  i s  64 a to m s .
I n d i v i d u a l  i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  ( T a b l e  IV) 
were  e m p lo y ed  i n  t h e  f i n a l  s t r u c t u r e  f a c t o r  c a l c u l a t i o n .  
The f i n a l  d i s c r e p a n c y  b e t w e e n  o b s e r v e d  a n d  c a l c u l a t e d  
s t r u c t u r e  a m p l i t u d e s  i s  21.4% an d  t h e  f i n a l  v a l u e s  o f  
l ^ b l  > | F C | a nd  a r e  l i s t e d  i n  T a b le  V.
TABLfl IV .
I s o t r o p i c  T e m p e r a tu r e  F a c t o r s  ( B q
M o l . I . M o l . I I . M o l . I . M o l . I I
0 ( 1 ) 4 . 9 0 4 , 9 0 0 ( 1 8 ) 4 . 4 8 4 . 4 8
0 ( 2 ) 4 . 5 5 4 . 5 5 0 ( 1 9 ) 4 . 7 2 4 . 4 2
0 ( 5 ) 4 . 6 8 4 . 6 8 0 ( 2 0 ) 4 . 6 8 4 . 7 2
0 ( 4 ) 4 . 7 2 4 . 7 2 0 ( 2 1 ) 5 . 2 5 5 . 2 5
0 ( 5 ) 4 . 7 8 4 . 4 2 0 ( 2 2 ) 5 . 1 5 5 . 1 5
0 ( 6 ) 4 . 4 2 4 . 4 2 0 ( 2 5 ) 5 . 1 5 5 . 1 5
0 ( 7 ) 4 . 6 8 4 . 6 8 0 ( 2 4 ) 4 . 4 2 4 . 5 5
0 ( 8 ) 4  • 42 4 . 4 8 0 ( 2 5 ) 5 . 1 5 4 . 9 0
0 ( 9 ) 4 . 4 2 4 . 5 5 0 ( 2 6 ) 4 . 6 8 4 . 6 8
0 ( 1 0 ) 5 . 1 5 5 . 1 5 0 ( 2 7 ) 4 . 9 0 4 . 9 0
0 ( 1 1 ) 4 . 9 0 4 . 7 2 0 ( 2 8 ) 4 . 4 2 4 . 4 2
0 ( 1 2 ) 4 . 6 8 4 . 4 8 Fe 4 . 7 5 4 . 7 5
0 ( 1 3 ) 4 .4 2 ' 4 . 4 2 0 1 ( 1 ) 6 . 0 0 6 . 0 0
0 ( 1 4 ) 4 . 5 7 4 . 4 2 Cl ( 2 ) 6 . 0 0 6 . 0 0
0 ( 1 5 ) 4 . 6 8 4 . 6 8 0 1 ( 3 ) 5 . 5 0 5 . 5 0
0 ( 1 6 ) 4 . 7 2 4 . 7 2 C l ( 4 ) 6 . 0 0 5 . 7 5
0 ( 1 7 ) 4 . 4 2 4 . 5 5
19 26 274
41 96 286
12 19 216
06 69 99 
96 99 279
48 49 299 62 48 274
16 12 902
14 *9 296
It (7 ill
25 275
Conclusions and Discussion:
The s t r u c t u r e  o f  a t r o v e n e t i n  an d  t h e  f e r r i c h l o r i d e  
o f  a t r o v e n e t i n  t r i m e t h y l  e t h e r  (O ra n g e )  h a v e  b e e n  shown 
to  "be (V) a n d  (V I )  r e s p e c t i v e l y :
HO-
<H,HO'
20
OH
HO
( v )  (VI)
5 b r  a t r o v e n e t i n ,  v a r i o u s  t a u t o m e r i c  s t r u c t u r e s  c a n  h e  
w r i t t e n ,  w h i l e  t h e  p o s i t i v e  c h a r g e  on t h e  c a t i o n  o f  t h e  
f e r r i c h l o r i d e  i s  n o t  s i t u a t e d  s o l e l y  on C (4 )  h u t  
d i s t r i b u t e d  o v e r  a  number  o f  c e n t r e s .  The n u m b e r in g  
s y s t e m  a d o p t e d  i s  t h a t  g i v e n  b y  P a t t e r s o n ,  C a p e l l ,  an d
W alk e r  ( i 9 6 0 )  f o r  e . g .  7 H - P h e n a l e n o -  2 , 1 - d  o x a z o l e ,  up  
to  0 ( 1 0 ) ,  and  t h e r e a f t e r  i t  i s  a r b i t r a r y .
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The s t r u c t u r e  o f  a t r o v e n e t i n  d i f f e r s  f rom  t h a t  ( I )  
p r o p o s e d  b y  B a r t o n ,  de Mayo, M o r r i s o n ,  an d  R a i s t r i c k  
(1 9 5 9 )  i n  t h e  mode o f  a t t a c h m e n t  o f  t h e  f i v e - m e m b e r e d  
e t h e r  r i n g .  N e i l l  a n d  R a i s t r i c k  (1 9 5 7 )  h a d  o x i d i s e d  
a t r o v e n e t i n  w i t h  n i t r i c  a c i d  an d  o b t a i n e d  a compound 
o f  t h e  f o r m u l a  u^H-^OgNg.  f o r  w h ich  B a r t o n ,  de Mayo, 
M o r r i s o n ,  a n d  R a i s t r i c k  p r o p o s e d  s t r u c t u r e  ( V I I )  a n d  
c h a r a c t e r i s e d  i t  h y  N.M. R. s p e c t r o s c o p y .  These  
w o r k e r s  now c o n s i d e r  t h a t  s t r u c t u r e  ( V I I )  i s  f o rm e d  
Dy r e a r r a n g e m e n t  o f  ( V I I I ) w h ich  i s  t h e  p r i m a r y  
o x i d a t i o n  p r o d u c t  o f  n i t r i c  a c i d  on  a t r o v e n e t i n .
T h i s  r e a r r a n g e m e n t  i n v a l i d a t e s  t h e  c o n c l u s i o n s  drawn 
h y  B a r t o n  a n d  c o - w o r k e r s  on  t h e  mode o f  a t t a c h m e n t  
o f  t h e  e t h e r  r i n g  i n  a t r o v e n e t i n .
NO. NO.
NO.
( V I I ) ( V I I I )
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The s t r u c t u r e  ( v )  f o r  a t r o v e n e t i n  i s  to  he  p r e f e r r e d  
b i o g e n e t i c a l l y  t o  ( I )  a s  t h e  p r o p o s e d  p r e c u r s o r  o f  t h e  
p o l y - ^  - d i k e t o n e  ty p e  (XX) w ou ld  fo rm  a  n u c l e u s  (X) 
w i t h  an  o xygen  a tom i n  t h e  p o s i t i o n  o f  t h e  o x y g e n  a tom 
o f  t h e  f iv e - m e m b e r e d  r i n g .
OHHO-
OH
( IX )  (X)
The s t r u c t u r e  p r o p o s e d  ( I I )  b y  B a r t o n ,  de Mayo, 
M o r r i s o n  an d  R a i s t r i c k  (1 9 5 9 )  f o r  t h e  To r a n g e T 
t r i m e t h y l  e t h e r  i s  c o r r e c t  i f  a l l o w a n c e  i s  made f o r  
t h e  e r r o r  i n  a s s i g n m e n t  o f  t h e  a t r o v e n e t i n  s t r u c t u r e .
Any d e t a i l e d  d i s c u s s i o n  o f  t h e  c r y s t a l  a n d  
m o l e c u l a r  s t r u c t u r e  m u s t  b e  d o m i n a t e d  b y  t h e  p r o b le m  
o f  p s e u d o - s y m m e t r y .  T h i s  p r e v e n t s  a p r e c i s e  s o l u t i o n  
o f  t h e  s t r u c t u r e  u n l e s s  t h e  e x a c t  e x t e n t  o f  t h e  p se u d o  
symm etry  can  be  d e f i n e d .  A l t h o u g h  t h e  o v e r a l l  
d i s c r e p a n c y  i s  21.4%, t h a t  f o r  t h e  h0& zone o f
r e f l e x i o n s  i s  29 .7%, i n d i c a t i n g  t h a t  t h e  e x a c t  e x t e n t  
o f  t h e  d e v i a t i o n  f rom  t h e  s p a c e  g ro u p  P 2 ^ / a  h a s  n o t  
b e e n  d e t e r m i n e d .  T h i s  l a c k  o f  p r e c i s i o n  i n  d e t e r m i n i n g  
a t o m i c  c o - o r d i n a t e s  a c c o u n t s  f o r  t h e  h i g h  R - f a c t o r  i n  
t h i s  s t r u c t u r e .  A somewhat  s i m i l a r  s i t u a t i o n  p e r t a i n s  
i n  t h e  c r y s t a l  s t r u c t u r e  o f  C e p h a l o s p o r i n  C (H o d g k in  
a n d  M a s l e n ,  1 9 6 1 ) .  I n  t h i s  c a s e  d e t a i l e d  r e f i n e m e n t  
h a s  p r o v e d  d i f f i c u l t  an d  a r e c e n t  c o m m u n ic a t io n  f ro m  
t h e  O x f o r d  g r o u p  i n d i c a t e d  t h a t  r e f i n e m e n t  i s  s t i l l  
p r o g r e s s i n g  v e r y  s l o w l y  e v e n  w i t h  t h e  a i d  o f  l e a s t  
s q u a r e s  p r o c e d u r e s .
The f i n a l  t h r e e - d i m e n s i o n a l  F o u r i e r  map i s  shown 
i n  F i g .  IV  a s  s u p e r i m p o s e d  c o n t o u r  l e v e l s  d rawn p a r a l l e l  
t o  (O lO ) .  I t  shows t h e  two m o l e c u l e s  r e l a t e d  b y  t h e  
p s e u d o - g l i d e  p l a n e  an d  i n d i c a t e s  t h a t  t h e  p r i n c i p a l  
d e v i a t i o n s  f ro m  t h e  s p a c e  g r o u p  P21/ a  o c c u r  i n  t h e  
r e g i o n  o f  t h e  f i v e - m e m b e r e d  e t h e r  r i n g  an d  a t  t h e  m e t h y l  
e t h e r  g r o u p s .  The a t o m i c  c o - o r d i n a t e s  f o u n d  f o r  t h e  
two m o l e c u l e s  a r e  l i s t e d  i n  T a b le  VI.  I t  c a n  b e  s e e n  
t h a t  t h e  g r e a t e s t  d e v i a t i o n s  f ro m  t h e  p o s i t i o n s  r e l a t e d  
b y  t h e  p s e u d o  g l i d e  p l a n e  o c c u r  a t  0 ( 9 ) ,  C ( 1 7 ) ,  C ( 1 8 ) ,  
0 ( 2 4 ) ,  C( 2 6 ) ,  a n d  C ( 2 8 ) .  T h e re  a r e  o t h e r  d e v i a t i o n s  
b u t  t h e y  can  p r o b a b l y  b e  a t t r i b u t e d  to  i m p r e c i s e  l o c a t i o n  
o f  a to m ic  s i t e s  r a t h e r  t h a n  s y s t e m a t i c  d e v i a t i o n  f rom
F i g .  IV. The f i n a l  t h r e e - d i m e n s i o n a l  F o u r i e r  map,  
sh o w in g  t h e  two i n d e p e n d e n t  m o l e c u l e s  o f  
a t r o v e n e t i n  a s  s u p e r i m p o s e d  c o n t o u r  s e c t i o n s  
drawn p a r a l l e l 0 ^o ( 0 1 0 ) .  C o n t o u r s  a r e  drawn 
a t  1 e l e c t r o n / A °  i n t e r v a l s ,  s t a r t i n g  a t  
2 e l e c t r o n s / ^ . I n  t h e  f e r r i c h l o r i d e  g r o u p ,  
t h e  i n t e r v a l  i s  3 e l e c t r o n s / ^ 5 .
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p o s i t i o n s  r e l a t e d  "by p seu d o  sym m etry .  I t  d o e s  seem 
t h e r e f o r e  t h a t  t h e  f e r r i c h l o r i d e  g r o u p  an d  t h e  p l a n a r  
p a r t  o f  t h e  o r g a n i c  s t r u c t u r e  o c c u p y  v e r y  c l o s e l y  t h e  
p o s i t i o n s  g e n e r a t e d  h y  t h e  p s e u d o  s p a c e  g r o u p  P S ^ / a ,  
w h i l s t  t h e  n o n - p l a n a r  p a r t  o f  t h e  o r g a n i c  s t r u c t u r e ,  
w h ich  m u s t  n e c e s s a r i l y  d e v i a t e  f rom  t h e s e  p o s i t i o n s ,  
a d o p t s  a c o n f o r m a t i o n  ( F i g . 1 1 1 ( h ) )  w h ic h  a l l o w s  t h e  
minimum d e v i a t i o n .  The p r e c i s e  l o c a t i o n  o f  t h e s e  
s i t e s  i s  h i n d e r e d  h y  t h e  f a c t  t h a t  t h e r e  i s  a s t r o n g  
t e n d e n c y  t o  a v e r a g e  t h e  two s l i g h t l y - d i f f e r i n g  s i t e s ,  
a n d  o n l y  h y  s u c c e s s f u l l y  d e t e r m i n i n g  t h e  p h a s e s  o f  
t h e  hOj£ t e r m s  when h  i s  o d d  w ou ld  d e f i n i t e  p o s i t i o n s  
f o r  t h e  a to m s  h e  a c h i e v e d .  T h i s  e f f e c t  c a n  he  s e e n  
i n  t h e  l i s t s  o f  b o n d  l e n g t h s  ( T a h l e  VTI) an d  h o n d  
a n g l e s  ( T a h l e  V T I l ) ,  where  t h e  v a l u e  f o r  a d i m e n s i o n  
i n  one  m o l e c u l e  i s  g r e a t e r  t h a n  e x p e c t e d  a n d  t h e  v a l u e  
i n  t h e  r e l a t e d  m o l e c u l e  i s  l e s s  t h a n  e x p e c t e d .
The p o s i t i o n s  f o u n d  f o r  t h e  a to m s  g i v e  r e a s o n a b l e
a g r e e m e n t  w i t h  t h e  o b s e r v e d  i n t e n s i t i e s ,  h u t  do n o t
a l l o w  a c c u r a t e  a s s i g n m e n t  o f  m o l e c u l a r  d i m e n s i o n s  t o  h e
m ade .  The mean C -  C h o n d  l e n g t h  i n  t h e  a r o m a t i c  p a r t
o
o f  t h e  m o l e c u l e  i s  1 . 4 0  A w i t h  a r o o t  mean s q u a r e  
d e v i a t i o n  o f  0 . 0 6  t h e  o t h e r  C -  C h o n d  l e n g t h s  a r e  
much l e s s  r e l i a b l e  on  a c c o u n t  o f  t h e  p se u d o  sym m etry .
The v a r i a t i o n s  i n  h o n d  l e n g t h  w i t h i n  t h e  a r o m a t i c  
s y s t e m  c a n  h e  g i v e n  some e x p l a n a t i o n  h y  c o n s i d e r i n g  
t h e  v a r i o u s  p o s s i b l e  r e s o n a n c e  s t r u c t u r e s  f o r  t h e  
t r i m e t h y l  e t h e r  c a t i o n  ( F i g . V ) .  I n  t h i s  t r e a t m e n t ,  
a l l  t h e  p o s s i b l e  r e s o n a n c e  s t r u c t u r e s  a r e  g i v e n  u n i t  
w e i g h t ,  w h ich  i s  c l e a r l y  an  o v e r - s i m p l i f i c a t i o n .  
F u r t h e r m o r e ,  i n  t h i s  e x p l a n a t i o n ,  i t  i s  i m p l i e d  t h a t  
t h e  a t r o v e n e t i n  t r i m e t h y l  e t h e r  c a t i o n  i s  s y m m e t r i c a l  
a b o u t  t h e  C ( 1 5 ) - C ( 1 4 )  h o n d .  T h i s  symm etry  i s ,  o f  c o u r s e ,  
d e s t r o y e d  h y  t h e  p r e s e n c e  o f  t h e  v a r i o u s  s u b s t i t u e n t s  a t  
0 ( 1 ) ,  0 ( 5 ) ,  0 ( 6 ) ,  0 ( 7 ) ,  0 ( 1 6 ) ,  an d  0 ( 1 1 ) .  D e s p i t e  
t h e s e  l i m i t a t i o n s ,  some c o r r e l a t i o n  ca n  h e  o b t a i n e d  
b e t w e e n  t h e  d e g r e e  o f  d o u b le  h o n d  c h a r a c t e r  an d  o b s e r v e d  
h o n d  l e n g t h .  I n  F i g . V  t h e  h o n d  l e n g t h s  a v e r a g e d  o v e r  
t h e  f o u r  * h a l f - m o l e c u l e s ’ a r e  p l o t t e d  a g a i n s t  t h e  number  
o f  r e s o n a n c e  s t r u c t u r e s  t h a t  c o n t a i n  d o u b le  b o n d s .  A 
more  r i g o r o u s  t h e o r e t i c a l  t r e a t m e n t  i s  n o t  j u s t i f i e d  on  
a c c o u n t  o f  t h e  i n a c c u r a c i e s  i n  t h e  m e a s u r e d  h o n d  l e n g t h s .
The mean F e ^ ^ ^ -  Cl d i s t a n c e  i n  t h e  f e r r i c h l o r i d e  
o
g r o u p  i s  2 . 1 7  A, w i t h  a r o o t  mean s q u a r e  d e v i a t i o n  o f
o
0 . 0 5  A. P e n f o l d  an d  G r i g o r  (1 9 5 9 )  f i n d  t h e  F e ^ -  Cl
,  » o
d i s t a n c e  i n  i r o n  ( I I )  c h l o r i d e  t e t r a h y d r a t e  t o  h e  2 . 3 8  A,
w i t h  t h e  l i g a n d s  g r o u p e d  a r o u n d  i n  t h e  i r o n  a tom  i n  
d i s t o r t e d  o c t a h e d r a .  The sum o f  t h e  i o n i c  r a d i i  f o r
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o
i r o n  ( I I )  a n d  c h l o r i n e  i s  2 . 5 6  A ( r e f e r r e d  to  o c t a h e d r a l
c o - o r d i n a t i o n ) ,  w h i l e  t h a t  f o r  i r o n  ( I I I )  a n d  c h l o r i n e  
o
i s  2 .4 1  A. A f a r t h e r  c o r r e c t i o n  t o  t h i s  l a s t  d i s t a n c e
h a s  to  h e  made to  a l l o w  f o r  t h e  c o n t r a c t i o n  i n  i o n i c
r a d i u s  o f  i r o n  ( I I I )  when c h a n g i n g  f rom  o c t a h e d r a l  to
t e t r a h e d r a l  c o - o r d i n a t i o n .  The sum o f  t h e  i o n i c  r a d i i  
ITTf o r  a Fe -  Cl h o n d  i n  t e t r a h e d r a l  c o - o r d i n a t i o n  w ou ld
o o
t h e n  h e  2 . 5 7  A, w h ich  i s  0 . 2 0  A l a r g e r  t h a n  t h a t  f o u n d
i n  t h e  p r e s e n t  w ork .  T h i s  s h o r t e n i n g  e f f e c t  i s
p a r a l l e l e d  i n  i r o n  ( I I )  c h l o r i d e  t e t r a h y d r a t e  a n d
s u g g e s t s  t h a t  t h e  Fe -  Cl  h o n d s  i n  "both compounds may
h a v e  some d e g r e e  o f  c o v a l e n t  c h a r a c t e r .
The mean C ( s p /C)~0 h o n d  l e n g t h  i s  1 . 5 6  A, w h ich
a g r e e s  w i t h  t h e  v a l u e  f o u n d  i n  s a l i c y l i c  a c i d  ( C o c h r a n ,
«z 0
1 9 5 5 ) ,  a n d  t h e  mean C ( s p ° ) ~ 0  d i s t a n c e  i s  1 . 4 7  A, w h ic h  
a g r e e s  w i t h  t h a t  f o u n d  i n  c y c l o p e n t e n e  o x i d e  ( B r l a n d s s o n ,  
1 9 5 5 ) .  The s h o r t  C (4)  -  0 ( 2 2 )  d i s t a n c e s  may i n d i c a t e  a 
g r e a t e r  d e g r e e  o f  d o u b le  h o n d  c h a r a c t e r  i n  t h i s  h o n d  t h a n  
w o u ld  he s u g g e s t e d  h y  t h e  r e s o n a n c e  s t r u c t u r e s  i n  F i g . V .
I n t r a m o l e c u l a r  n o n - h o n d e d  d i s t a n c e s  o f  i n t e r e s t  i n  
h o t h  m o l e c u l e s  a r e  l i s t e d  i n  T a h le  IX ,  w h i l e  i n t e m o l e c u l a r  
c o n t a c t s  l e s s  t h a n  4  % a r e  g i v e n  i n  T a h le  X. The p a c k i n g  
o f  m o l e c u l e s  p r o j e c t e d  down t h e  h -  a x i s  i s  shown i n  F i g . V I .
I n  a d d i t i o n  to  th e  i o n i c  l i n k ,  i t  i s  p r o b a b le
t h a t  a h y d r o g e n  b o n d  e x i s t s  b e t w e e n  C l ( l )  a n d  0 ( 2 2 ) .
o
The a v e r a g e  d i s t a n c e  b e t w e e n  t h e s e  a to m s  i s  3 . 1 9  A;
o
t h i s  a p p e a r s  s l i g h t l y  l o n g e r  t h a n  t h e  v a l u e s  o f  3 . 0 7  A
f o u n d  i n  D ( - )  i s o l e u c i n e  h y d r o c h l o r i d e  m o n o h y d ra te
o
(Trommel a n d  B i j v o e t ,  1 9 5 4 )  and  o f  3 . 1 2  A f o u n d  i n
a d e n i n e  h y d r o c h l o r i d e  (Broom head ,  1948 a n d  C o c h r a n ,
(1 9 5 1 )  f o r  0 -  H . . .  01 h y d r o g e n  b o n d s ,  a l t h o u g h  a  
o
v a l u e  o f  3 . 2 4  A was a l s o  r e c o r d e d  i n  t h e  i s o l e u c i n e  
a n a l y s i s .  The mean v a l u e  o f  t h e  a n g l e  C l ( l ) 0 ( 2 2 ' ) C ( 4 )  
i s  1 0 1 ° ,  w h ic h ,  a l t h o u g h  much l a r g e r  t h a n  t h e  e x p e c t e d  
t e t r a h e d r a l  v a l u e ,  d o e s  n o t  c o m p l e t e l y  e x c l u d e  t h e  
p o s s i b i l i t y  o f  h y d r o g e n  b o n d  f o r m a t i o n .
r i d e
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TABLB VI (A) .
The a to m ic  c o - o r d i n a t e s  f o r  A t r o v e n e t i n  
T r i m e t h y l  B t h e r  F e r r i c h l o r i d e .  ( M o l e c u l e  I ) .
x/ a z/ e
C ( l ) 0 •5 1 6 0 0 . 6 6 8 6 0 . 3 0 9 5
C (2 ) 0 •5 0 7 5 0 . 6 5 9 2 0 .3 8 9 5
. 0 ( 3 ) 0 • 5o09 0 . 5 4 5 5 0 . 4 5 1 9
0 ( 4 ) 0 .5 9 2 8 0 .5 2 2 9 0 . 4 4 2 6
0 ( 5 ) 0 .4 2 9 7 0 . 2 0 8 4 0 . 3 9 9 3
0 ( 6 ) 0 . 4 4 2 7 0 .2 2 5 8 0 .3 0 9 5
0 ( 7 ) 0 . 4 1 5 6 0 .3 3 7 8 0 .1 8 0 0
0 ( 8 ) 0 . 5 9 1 1 0 .4 9 1 0 0 .0 4 0 5
0 ( 9 ) 0 . 5 5 8 2 0 .6 2 9 9 0 . 0 3 1 2
0 ( 1 0 ) 0 . 3 4 0 5 0 .6 7 0 5 0 . 1 2 2 2
0 ( H ) 0 . 5 6 2 1 0 .5 7 0 9 0 . 1 7 9 6
0 ( 1 2 ) 0 •5 4 9  6 0 .5 6 1 9 0 .2 6 1 1
0 ( 1 3 ) 0 .3 7 8 5 0 .4 4 1 1 0 . 3 0 5 3
0 ( 1 4 ) 0 . 3 6 5 4 0 .4 4 1 5 0 . 3 9 7 0
0 ( 1 5 ) 0 .4 1 2 7 0 . 3 3 0 4 0 . 2 6 9 2
0 ( 1 6 ) 0 . 5 8 8 9 0 .4 4 9 8 0 . 1 3 5 4
0 ( 1 7 ) 0 . 3  231 0 . 4 1 3 2 - 0 . 0 1 0 4
0 ( 1 8 ) 0 . 4 6 1 5 0.4-941 0 .0 0 5 7
0 ( 1 9 ) 0 .5 5 4 0 0 . 7 5 0 2 - 0 . 0 2 5 8  
C o n t 1 cL -
TABLE VI ( A ) .  -  C o n t1 & -
The a to m ic  c o - o r d i n a t e s  f o r  A t r o v e n e t i n
T r i m e t h y l  E t h e r  F e r r i c h l o r i d e .  ( M o l e c u l e  I )
V a z/ c
C( 20) 0 . 2 8 2 2 0 . 7 9 9 7 0 . 2 5 5 4
0 ( 2 1 ) 0 . 3 1 9 8 0 . 5 4 1 6 0 . 5 2 0 3
0 ( 2 2 ) 0 .5 7 7 1 G. 3028 0 . 5 2 5 1
0 ( 23') 0 .4 5 8 6 0 . 0 9 3 1 0 . 4 5 7 3
C( 24) 0 . 4 2 5 6 - 0 . 0 4 6 3 0 . 4 3 1 0
0 ( 2 5 ) 0 .4 9 0 7 0 . 1 5 3 6 0 . 2 9 2 6
0 ( 2 6 ) 0 . 5 6 3 6 0 . 1 6 1 6 0 . 2 7 5 3
0 ( 2 7 ) 0 . 4 3 4 2 0 .2 5 1 5 0 . 1 3 2 7
0 ( 2 8 ) 0 . 3 8 2 4 0 . 1 0 6 6 0 .1 2 1 8
Fe 0 . 3 7 1 7 0 .1 8 2 5 0 .7 4 9 9
0 1 ( 1 ) 0 . 3 8 9 8 0 .0 3 1 8 0 . 6 5 0 1
0 1 ( 2 ) 0 .3 3 4 5 0 . 0 6 0 2 0 . 8 5 5 6
0 1 ( 5 ) 0 . 2 7 9 2 0 .3 3 0 7 0 . 7 0 4 5
0 1 ( 4 ) 0 . 4 7 8 1 0 . 2 8 9 8 0 . 7 7 8 9
TABLE V I . ( B ) .
The a to m ic  c o - o r d i n a t e s f o r  A t r o v e n e t i n  
T r i m e t h y l  E t h e r  F e r r i c h l o r i d e  ( M o le c u le  I I ) .
x/ a % z/ c
0 ( 1 ) 0 . 8 1 5 S 0 .3 3 0 2 0 . 3 0 5 2
0 ( 2 ) 0 . 8 0 1 5 0 .5 3 7 5 0 . 5 8 8 2
0 ( 3 ) 0 .8 2 4 3 0 . 4 5 8 2 0 . 4 4 1 0
0 ( 4 ) 0 . 8 8 7 5 0 .6 8 9 4 0 . 4 4 5 2
0 ( 5 ) 0 . 9 5 5 6 0 . 7 8 5 7 0 . 4 0 8 9
0 ( 6 ) 0 . 9 4 7 9 0 . 7 7 5 3 0 . 5 2 7 8
0 ( 7 ) 0 . 9 1 5 2 0 .6 6 3 1 . 0 . 1 8 2 8
0 ( 8 ) 0 .8 9 4 5 0 . 5 1 8 4 0 . 0 3 5 6
0 ( 9 ) 0 . 8 9 5 7 0 . 3 4 6 1 0 .0 5 0 1
0 ( 1 0 ) 0 .8 4 4 0 0 . 3 2 6 5 0 . 1 2 2 0
0 ( 1 1 ) 0 .8 5 9 7 0 .4 4 1 0 0 . 1 6 9 8
0 ( 1 2 ) 0 .8 4 6 5 0 .4 3 4 7 0 . 2 6 0 6
0 ( 1 3 ) 0 .8 7 6 7 0 .5 5 1 9 0 .5 1 0 1
0 ( 1 4 ) 0 . 8 6 3 4 0 .5 6 4 8 0 .3 9 5 5
0 ( 1 5 ) 0 .9 1 5 5 0 .6 6 5 9 0 . 2 7 2 0
0 ( 1 6 ) 0 .8 9 2 5 0 .5 4 0 0 0 . 1 2 9 1
C(17) 0 . 8 4 9 2 0 . 6 2 3 3 - 0 . 0 2 1 2
C(18) 0 .9 7 5 3 0 .5 6 9 9 - 0 . 0 0 0 4
0 ( 1 9 ) 0 . 8 5 5 8 0 .2 7 5 7 - 0 . 0 3 4 3  
C o n t ’ d -
TABLE VI ( B ) .  -  C o n t 4 d -
The a t o m i c  c o - o r d i n a t e s  f o r  A t r o v e n e t i n  
T r i m e t h y l  E t h e r  F e r r i c h l o r i d e  ( M o l e c u l e  I I ) .
x/ a y/b %
C (20) 0 . 7 7 8 5 0 .2 0 6 0 0 . 2 5 2 8
0 ( 2 1 ) 0 . 8 0 5 4 0 .4 6 3 8 0 . 5 1 9 2
0 ( 2 2 ) 0 . 8 7 5 9 0 . 6 9 9 4 0 .5 2 4 5
0 ( 2 5 ) 0 . 9 6 4 2 0 . 8 8 5 4 0 . 4 5 8 4
C( 24) 0 •9 0 5 5 0 . 0 0 2 4 * 0 . 4 4 1 4
0 ( 2 5 ) 0 . 9 8 7 8 0 .8 8 1 8 0 .2 8 4 8
0 ( 2 6 ) 0 .0 5 9 7 * 0 . 8 6 8 8 0 . 5 4 5 5
0 ( 2 7 ) 0 .9 3 6 5 0 .7 7 0 1 0 .1 3 1 8
0 ( 2 8 ) 0 . 8 8 7 6 0 . 8 8 5 9 0 . 1 3 9 5
Fe 0 . 8 6 9 7 0 . 8 2 5 3 0 .7 4 8 9
C l ( l ) 0 . 8 8 1 4 0 .9 5 9 9 0 .6 4 0 5
C l ( 2 ) 0 .8 3 4 6 0 .9 3 8 3 0 .8 5 3 5
0 1 ( 3 ) 0 .7 7 7 1 0 . 6 6 8 5 0 . 7 0 2 2
Cl ( 4 ) 0 .9 7 6 7 0 . 7 1 2 6 0 . 7 7 9 7
* I t  i s  n e c e s s a r y  t o  ad d  t h e  f u l l  u n i t  c e l l  
t r a n s l a t i o n  to  t h e s e  c o - o r d i n a t e s  t o  o b t a i n  
a c o m p l e t e  m o l e c u l e .
TABLE V I I .
o
Bond D i s t a n c e s  ( i n  A ) .
i
M o l , I . M o l . I I • Mo 1 . 1 . Mol .11
0 ( 1 ) - 0 ( 2 ) 1.-28 1 . 3 5 0 ( 8 )  -  0 ( 1 7 ) 1 . 5 2 1 . 5 0
0 ( 1 ) - 0 ( 1 2 ) 1 . 4 4 1 . 3 7 0 ( 8 )  -  0 ( 1 8 ) 1 . 3 7 1 . 6 3
0 ( 1 ) - 0 ( 2 0 ) 1 . 5 9 1 . 5 5 0 ( 9 )  -  0 ( 1 0 ) 1 . 4 7 1 . 5 2
0 ( 2 ) - 0 ( 3 ) 1 . 3 2 1 . 4 6 0 ( 9 )  -  0 ( 1 9 ) 1 . 3 5 1 . 5 7
0 ( 3 ) - 0 ( 1 4 ) 1 . 3 2 1 . 4 6 0 ( 1 0 )  -  0 ( 1 1 ) 1 . 3 4 1 . 3 5
0 ( 3 ) - 0 ( 2 1 ) 1 . 4 2 1 . 3 2 0 ( 1 1 )  -  0 ( 1 2 ) 1 . 3 2 1 . 4 7
0 ( 4 ) - 0 ( 5 ) 1 . 4 8 1 . 4 1 0 ( 1 1 )  -  0 ( 1 6 ) 1 . 4 8 1 • 31
0 ( 4 ) - 0 ( 1 4 ) 1 . 4 0 1 . 4 7 0 ( 1 2 )  -  0 ( 1 3 ) 1 . 4 2 1 . 4 4
0 ( 4 ) - 0 ( 2 2 ) 1 • 36 1 . 2 8 0 ( 1 3 )  -  0 ( 1 4 ) 1 . 4 8 1 . 3 9
0 ( 5 ) - 0 ( 6 ) 1 . 4 6 1 . 3 2 0 ( 1 3 )  -  0 ( 1 5 ) 1 . 3 7 1 . 4 4
0 ( 5 ) - 0 ( 23 ) 1 . 4 9 1 . 3 0 0 ( 2 3 )  -  0 ( 2 4 ) 1 . 5 0 1 . 5 4
0 ( 6 ) - 0 ( 1 5 ) 1 . 2 7 1 .4 5 0 ( 2 5 )  -  0 ( 2 6 ) 1 . 33 1 . 4 6
C( 6) 0 ( 2 5 ) 1 . 2 6 1 . 4 5 0 ( 2 7 )  -  0 ( 2 8 ) 1 . 5 0 1 . 4 1
0 ( 7 ) - 0 ( 1 5 ) 1 . 4 0 1 . 4 0 Fe -  0 1 ( 1 )  . 2 . 1 9 2 . 1 7
0 ( 7 ) 0 ( 1 6 ) 1 .3 5 1 . 4 8 Fe -  0 1 ( 2 ) 2 .1 9 2 . 1 2
0 ( 7 ) - 0 ( 2 7 )
to•
rH 1 . 3 8 Fe -  0 1 ( 3 ) 2 .1 9 2 .2 5
0 ( 8 ) - 0 ( 9 ) 1 . 6 2 1 . 6 8 Fe -  0 1 ( 4 ) 2 .0 9 2 . 1 3
0 ( 8 ) — 0 ( 1 6 ) 1 . 5 1 1 . 4 8
TABLff V I I I .
Bond A n g le s  i n  B o th  M o l e c u l e s .
C (2 ) 0 ( 1 ) C 1 2 ) 124° 125° 0 ( 9 ) 0 ( 8 ) 0 ( 1 7 ) 89° 158°
0 ( 2 ) 0 ( 1 ) 0 20) 120° 116° 0 ( 9 ) 0 ( 8 ) 0 ( 1 8 ) 117° 1110
0 ( 1 2 ) 0 ( 1 ) C 20) 116° 117° 0 ( 1 6 ) 0 ( 8 ) 0 ( 1 7 ) 105° 115°
0 ( 1 ) 0 ( 2 ) C 3) 119° 121° 0 ( 1 6 ) 0 ( 8 ) 0 ( 1 8 ) 121° 115°
0 ( 2 ) 0 ( 3 ) 0 14) 124° 115° 0 ( 1 7 ) 0 ( 8 ) 0 ( 1 8 ) 117° 89°
0 ( 2 ) 0 ( 3 ) 0 21) 116° 118° 0 ( 8 ) 0 ( 9 ) 0 ( 1 0 ) 101° 103°
0 ( 1 4 ) 0 ( 3 ) 0 21) 120° 128° 0 ( 8 ) 0 ( 9 ) 0 ( 1 9 ) 120° 109°
0 ( 5 ) 0 ( 4 ) C 14) 121° 118° 0 ( 1 0 ) 0 ( 9 ) 0 ( 1 9 ) 116° 110°
0 ( 5 ) 0 ( 4 ) 0 22) 118° 120° 0 ( 9 ) 0 ( 1 0 ) 0 ( 1 1 ) 115° 102°
0 ( 1 4 ) 0 ( 4 ) 0 22) 121° 121° 0 ( 1 0 ) 0 ( H ) 0 ( 1 2 ) 129° 117°
0 ( 4 ) 0 ( 5 ) c 6) 119° 121° 0 ( 1 0 ) 0 ( 1 1 ) 0 ( 1 6 ) 109° 114°
0 ( 4 ) 0 ( 5 ) 0 23) 114° 117° 0 ( 1 2 ) 0 ( 1 1 ) 0 ( 1 6 ) 121° 129°
0 ( 6 ) 0 ( 5 ) 0 25) 127° 123° 0 ( 1 ) 0 ( 1 2 ) C ( l l ) 125° 150°
0 ( 5 ) 0 ( 6 ) c 15 ) 118° 123° 0 ( 1 ) 0 ( 1 2 ) 0 ( 1 6 ) 118° 1160
0 ( 5 ) 0 ( 6 ) 0 25) 107° 122° 0 ( H ) 0 ( 1 2 ) C ( l 3 ) 116° 114°
0 ( 1 5 ) 0 ( 6 ) 0 25) 134-° 115° 0 ( 1 2 ) 0 ( 1 3 ) 0 ( 1 4 ) 113° 120°
0 ( 1 5 ) 0 ( 7 ) c 16) 125° 123° 0 ( 1 2 ) C ( l a ) C( 15 ) 126° 1 22°
0 ( 1 5 ) 0 ( 7 ) 0 27) 123° 127° 0 ( 1 4 ) 0 ( 1 3 ) 0 ( 1 5 ) 121° 117°
0 ( 1 6 ) ®(7) 0 27) 114° 110° 0 ( 3 ) 0 ( 1 4 ) 0 ( 4 ) 124° 116°
0 ( 9 ) 0 ( 8 ) c 16 ) 105° 91° 0 ( 3 ) 0 ( 1 4 ) 0 ( 1 5 ) 122° 1 2 3 °
-  C o n t 1 d -
TABLE V I I I . -  C o n t ’ d -
Bond A n g le s  i n  B o th  M o le c u le s .
C (4) 0 ( 1 4 ) 0 ( 1 3 ) 114° 121°
0 ( 6 ) 0 ( 1 5 ) 0 ( 7 ) 119° 124°
0 ( 6 ) 0 ( 1 5 ) 0 ( 1 3 ) 126° 1 1 9 °
0 ( 7 ) 0 ( 1 5 ) 0 ( 1 3 ) 115° 118°
0 ( 7 ) 0 ( 1 6 ) 0 ( 8 ) 134° 130°
0 ( 7 ) 0 ( 1 6 ) 0 ( 1 1 ) 118° 114°
0 ( 8 ) 0 ( 1 6 ) 0 ( 1 1 ) 108° 116°
0 ( 5 ) 0 ( 2 3 ) 0 ( 2 4 ) 115° 104°
0 ( 6 ) 0 (2 5 ) 0 ( 2 6 ) 123° 92°
0 ( 7 ) 0 ( 2 7 ) 0 ( 2 8 ) 120° 110°
0 1 ( 1 ) Pe 0 1 ( 2 ) 105° 1 1 1 °
0 1 ( 1 ) Pe 0 1 ( 3 ) 1110 106°
0 1 ( 1 ) Pe 0 1 ( 4 ) 107° 1 0 9 °
0 1 ( 2 ) Pe 0 1 ( 3 ) 110° 110°
0 1 ( 2 ) Pe 0 1 ( 4 ) 115° 114°
0 1 ( 3 ) Pe 0 1 ( 4 ) 109° 106°
TABLE IX .
Some N on-bonded  I n t r a m o l e c u l a r  C o n t a c t s  ( i n  &).
o' f—1 • H Mol. II Mol. I Mol. II
c 1) . .  .0 14) 2.68 2.75 0 10 . . .0 19) 2.40 2.55
0 2) . .  .0 13) 2.84 2.80 G 11 . . .0 15) 2.80 2.79
c 3) . .  .C 12) 2.74 2.90 C 13 . .  .c 16) 2.72 2.88
c 4) . . .0 15) 2.78 2.81 c 15 . . .0 26) 3.04 5.27
c 4) . .  .0 24) 3.63 3.05 . c 15 . .  .c 28) 3.16 2.97
G 5) • • • C 13) 2.78 2.86 G 16 . .  .c 28) 3.53 5.36
C 5) . .  .c 24) 2.52 2.24 c 17 . . .0 18) 2.47 2.20
C 5) . .  .c 26) 3.20 2.57 G 17 . . .0 19) 3.15 3.38
C 6) . .  .c 14) 2.90 2.78 C 17 . . .0 27) 3.27 3.02
c 6) . . . c 24) 3.28 2.98 c 17 . . .0 28) 3.69 3.58
0 6) • • • G 26) 2.28 2.10 c 18 . .  .c 19) 2.95 3.51
c 6) . .  .c 28) 3.21 3.19 c 18 . . .0 27) 3.30 2.97
c 7) . . .c 12) 2.80 2.85 c 18 . .  .c 28) 4.45 4.15
c 7) . .  .0 26) 3.28 5.88 0 21 . . .0 22) 2.51 2.59
c 7) . . .0 28) 2.45 2. 50 0 22 . . .0 23) 2.75 2.64
G 8) . .  .0 10) 2.38 2.51 0 22 . . . 0 24) 3.82 3.27
C 8 ) . . .c 19) 2.58 2.64 0 25 . . .0 25) 2.73 2.80
G 8) . . . 0 27) 2.95 2.91 0 25 . .  .c 26) 5.60 2.55
G 8) . . . c 28) 3.94 5.92 0 25 . . . 0 24) 3.09 3.21
C 9) • • • c 11) 2.58 2.24 c 24 . .  .c 26) 4.12 5 .4 7
c 9) .. .c 16) 2.45 2.25 0 25 . . . 0 28) 3.07 2.68
c 9) . .  .c 17) 2. 20 2.98 G 26 . . .0 27) 5.02 5 .8 5
c 9) . . .G 18) 2.55 2.75 c 26 . . . 0 28) 3 . 7 2 4.07
TABijK X.
I n t e m o l e c u l a r  C o n t a c t s  ( < 4  % ) .
o
( i n  A)
The Homan N u m era l s  r e f e r  to  t h e  f o l l o w i n g  p o s i t i o n s :
I .  x ^ y ^ z + l  V. 2—x^y-i-gr^z
I I .  x , y + l , z  VI .  l - x , y + i , z + l
I I I .  x ,y + l ,Z 3 h l  V I I .  2 - x , y * 4 , i + l
IV.  l - x , y + i , z  V T II .  l - x , y - i , z + l
0 ( 2 2 '  ) • • • 0 1 ( 1 ’ ) 3 .1 0 0 1 ( 2 '  ) • • • • 0 ( 1 2 ) ^ 3 . 6 3
C ( 2 4 ' ) * » • 0 ( 2 1 ’ )r a 3 .1 0 0 ( 2 4 ) • • • • 0 1 ( 1 ) 3 . 6 4
0 ( 2 4 ’ ) • • • C l ( l ’ ) 3 .2 1 0 ( 2 2 ) • • • ♦ 0 ( 2 4 ) ”^ 3 . 6 5
0 ( 2 2 ) • • • C l ( l ) 3 . 2 7 0 ( 1 9 ) • 9 • • 0 ( 1 0 * ) IV 3 . 6 6
0 ( 2 3 '  ) • • • 0 1 ( 1 ’ ) 3 .4 1 0 ( 2 1 ) • • • • 0 1 ( 3 ) 5 . 6 7
0 ( 2 5 ) • • • 0 1 ( 1 ) 3 . 4 2 Cl ( S '  ) # • • # C ( 1 5 ) VI «S. 67
0 ( 2 2 '  ) •  •  • 0 1 ( 3 ’ ) 3 . 4 3 0 ( 1 8 ) • • • • C ( 2 8 ) IV 5 .6 8
0 ( 1 1 ) • • • C 1 ( 4 ) VI 3 .4 5 0 ( 4 ) • • • • C ( 2 4 ) VI 5. 69
0 ( 2 2 ) 0 1 ( 3 ) 3.4-5 0 ( 1 5 '  ) • • • • C 1 ( 3 ) VI 3 . 7 1
0 ( 1 0 ) • • • C 1 ( 4 ) VI 3 . 4 8 0 1 ( 2 '  ) • • • • 0(19* ) - i : C5 . 7 1
C ( l l ' ) •  •  • C 1 ( 2 ) VI 3 . 4 8 0 1 ( 3 '  ) •  • • • C ( 5 ) VI 3 .7 1
0 ( 1 8 '  ) • • • 0 ( 1 9 ’ )V 3 .4 9 0 1 ( 4 ' ) • • • • 0(18* )Z
I—1fcO
0 ( 2 ) • • • C ( 2 4 ) I:E 3 .5 1 Pe • • • • 0 ( 2 2 ) 3 . 7 2
0 ( 2 1 '  ) • • • C l ( 3 ! ) 3 . 5 6 0 ( 4 ’ ) • • • • C 1 ( 3 ) VI 3 . 7 2
0 1 ( 4 ) •  •  • 0 ( 2 5 ) VI 3 .5 7 0 ( 1 ) • • • • C ( 2 4 ) 11 • 3 . 7 3
C l ( 2 '  ) • • • c ( n ) VI 3 . 5 7 Pe ' • • • • 0 ( 2 2 ’ ) 5 .7 3
0 ( 9 ) • • • 0 ( 1 9 ’ ) IV 3 . 6 0 0 1 ( 1 ' ) •  •  « 9 C ( 2 ) VI 5 . 7 3
0 ( 1 2 '  ) •  •  • 0 1 ( 2 )  V1 3 .6 0 0 1 ( 3 ’ ) 9 9 9 9 0 ( 1 3 ) ^ 3 . 7 3
0 ( 1 0 ) •  •  • 0 ( 1 9 ’ ) IV 3 .6 1 0 ( 2 1 ) 9 9 9 9 C ( 2 6 ) VI 3 . 7 4
C ( l 8 ' ) 0 ( 9 ’ ) 7 3*61 0 ( 1 8 ) „ * * o 0 ( 2 7 ) 17 3 .7 6
0 1 ( 2 '  ) • •  • 0 ( 1 7 ’ J1 3 . 6 2 0 ( 2 6 ) • e m e 0 ( 2 0 ’ ) ^  )y rr - O 1 o
-  Cont* d -
TABLE X. - Cont< d -
o .
I n t e r m o l e c u l a r  C o n t a c t s  ( < 4  A ) . 
( i n  2.)
CX(4) . • • C(26)VI 3.75
C( S' ) . • • Cl( l )VI 3.75
0(14’ ) . • • c i t s ) 71 3.75
01(1') . • • oCs)71 3.75
0(20) . • • C(24)IX 3.76
0(24' ) . • • C(5’ )VI1 3.77
01(3' ) . • • 'C(4)VI 3.77
01(3' ) . • • C(6)VI 3.77
0(21) . • • 0 ( 2 3 ) ^ 3.78
0(13' ) . • • Cl( 3)"^ * Cfl . 00
0(12) . • • C1(4)VI 3.79
0(20) . • • 01(3* )VI 3.79
01(2' ) . • • OdO)71 3.79
01(3' ) . • • C(14)VI 3.79
0(3) . • • 0 { 2 3 ) Y1 3.82
C(19) . • • G(19 ’ ) IV 3.82
0(3' )  . • • C 1 ( 1 ) Y 1 3.82
0(28' ) . • • C(18T )V Ca • CD CO
0(26) • • • C1(1)VI
toCO•
to
0 ( 4 ) • • 0 ( 2 3 ) VI 5 . 8 4
0 ( 1 4 )  . •  •  • Q ( 2 3 ) VI ca # CD
0 ( 1 0 ’ ) . • • • C 1 ( 2 ) VI 3 . 8 4
Cl ( 2 ' )  . # • • c C i e ) 71 3 . 8 4
0 1 ( 3 )  . •  • • C ( 2 0 T )Y1 3 .8 5
0 1 ( 2 '  ) . •  •  # C ( 1 7 ) VI 3 . 8 6
0 ( 2 ) •  •  • 0 ( 2 1 '  ) VI 3 .8 7
0 ( 6 ' )  . •  •  • C 1 ( 3 ) VI 3 . 8 8
0 ( 2 4 ' )  . •  •  • 0 ( 2 2 ’ J71 3 . 8 8
0(24* ) . •  •  • 0 1 ( 4 ’ ) VI 3 . 88
0 ( 2 1 )  . •  •  • C ( 2 T)Y1 3 .9 0
0 ( 5 ' )  . •  •  « C 1 ( 3 ) VI 3 . 9 0
0 ( 1 6 ' )  . •  •  • C 1 ( 2 ) VI 3 . 9 1
0 ( 2 8 ' )  . •  I I C (1 7 * ) ' I V 3 . 9 1
0 ( 1 8 )  . •  •  • 0 1 ( 2 ) ^ 3 . 9 5
0 ( 21)  . 1 •  I C( 24* )V I I I 3 .94
0 ( 2 0 )  . I  1 I C ( l 9 ’ ) IV 3 .9 5
0 ( 2 2 )  . * •  • 0 ( 2 3 ) ^ 3 . 9 5
C (1 5 )  . •  •  • G l ( l ) VI 3 . 9 6
0 ( 2 7 '  ) . I  1 1 0 ( 1 8 '  ) v 3 . 9 6
A P P E N D I C E S .
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A P P E N D I X  I .
A t t e m p t s  t o  S o lv e  t h e  S t r u c t u r e  o f  1 : 4 - c . v c l o h e x a n e d i o n e .
S t u d i e s  o f  t h e  K e r r  e f f e c t  and  o f  d i p o l e  moments  
a p p l i e d  to  1 : 4 - c y c l o h e x a n e d i o n e  seem to  i n d i c a t e  an  
u n u s u a l  c o n f o r m a t i o n  f o r  t h i s  compound.  (Le F e v r e  an d  
Le F e v r e ,  1955 and  1 9 5 5 ) .  B o th  c h e m i c a l  a n d  s p e c t r o ­
s c o p i c  e v i d e n c e  ( S i l h e r s t e i n ,  1 9 1 ? )  d e f i n i t e l y  r u l e  o u t  
t h e  p o s s i b i l i t y  o f  e n o l i s a t i o n  i n  t h e  s u b s t a n c e ,  a s  i s  
f o u n d  i n  d i k e t o p i p e r a z l n e . Le F e v re  i n t e r p r e t s  h i s  
r e s u l t s  a s  i n d i c a t i n g  a m i x t u r e  o f  80$ o f  c o n f o r m a t i o n  (A) 
a n d  20$ o f  c o n f o r m a t i o n  ( 0 ) .  ( I ) .
\= /  v - /
to) (o
( i )
B a r t o n  a n d  Cookson ( 1 9 5 6 )  c o n c l u d e  t h a t  t h e  s u c c e s s i v e  
s u b s t i t u t i o n  o f  t r i g o n a l  h y b r i d i s e d  c a r b o n  a to m s  f o r
t e t r a h e d r a l l y  h y b r i d i s e d  c a r b o n  a tom s  w i l l  c a u s e  a 
c a r h o c y c l i c  r i n g  to  a p p r o a c h  p l a n a r i t y .  T h i s  e f f e c t  
c a n  he  t r a c e d  i n  c y c l o h e x a n o n e  an d  w ould  h e  e x p e c t e d  
t o  h e  more p r o n o u n c e d  i n  l : 4 - c y c l o h e x a n e d i o n e .
H a s s e l  ( l 9 5 h )  a p p e a r s  to  hav e  done some c r y s t a l l o -  
g r a p h i c  work on  t h i s  compound, h u t  h a s  n e v e r  p u b l i s h e d  
a n y  d e t a i l s  o f  i t .
1 : 4 - c y c l o h e x a n e d i o n e  c r y s t a l l i s e s  a s  s m a l l ,  w h i t e  
n e e d l e s ,  w h ich  s u h l im e  i f  l e f t  f o r  more  t h a n  a few  
h o u r s  i n  t h e  a t m o s p h e r e .  T h i s  d i f f i c u l t y  was o v e rco m e  
h y  c o a t i n g  t h e  c r y s t a l s  w i t h  a p l a s t i c  s o l u t i o n ,  f G e l v a f . 
The p r e l i m i n a r y  m e a s u r e m e n t s  a r e  s u m m a r i se d  i n  T a h le  I .
The s p a c e  g r o u p  was n o t  d e t e r m i n e d  u n i q u e l y  h y  
t h e  s y s t e m a t i c  a b s e n c e  o f  s p e c t r a .  I t  c o u l d  h e  e i t h e r  
P 2^ o r  P2-j_/m. Prom a c o n s i d e r a t i o n  o f  m o l e c u l a r  
p a c k i n g  an d  h y  e x a m i n a t i o n  o f  t h e  t w o - d i m e n s i o n a l  
P a t t e r s o n  p r o j e c t i o n ,  P(UW) P i g . I . ,  t h e  f o r m e r  seem ed 
t h e  more  p r o b a b l e  s p a c e  g r o u p .  A l l  a t t e m p t s  to  s o l v e  
t h e  s t r u c t u r e  i n  i t s  h -  a x i s  p r o j e c t i o n  f a i l e d ,  a l t h o u g h  
t h e  p r o b a b l e  o r i e n t a t i o n  o f  t h e  m o l e c u l e  i n  t h e  u n i t  
c e l l  c o u l d  h e  d e t e r m i n e d  f rom  t h e  t w o - d i m e n s i o n a l  
P a t t e r s o n  f u n c t i o n .  The o p t i c a l  t r a n s f o r m  m e th o d  
was u s e d  e x t e n s i v e l y  a t  t h i s  s t a g e ,  h u t  l a c k  o f  s u c c e s s
F i g . I . T w o -d im e n s io n a l  P a t t e r s o n  p r o j e c t i o n ,  
P(U,W).  C o n t o u r s  a r e  a t  a r b i t r a r y  
i n t e r v a l s .
c a n  p r o b a b l y  "be a t t r i b u t e d  to  h a v i n g  o n l y  an  a p p r o x i m a t e  
kn o w led g e  o f  t h e  o r e n t a t i o n ,  a n d  d e g r e e  o f  t i l t  o f  t h e  
m o l e c u l e .
The m e a s u r e d  s t r u c t u r e  a m p l i t u d e s  a r e  g i v e n  i n  
T a b le  I I .
TABLE I .
M o l e c u l a r  F o rm u la  
M o l e c u l a r  W eig h t  (M) 
d  ( m e a s . ) 
d( c a l c . )
C r y s t a l  S ys tem  
a  
h  
c
Volume o f  U n i t  C e l l  
Number o f  M o l e c u l e s  (Z)  
S y s t e m a t i c  A b s e n c e s  
Space  Croup 
F(000)
112
1 . 2 0  g m . / c c .
1 . 2 4  g m . / c c .
M o n o c l i n i c
6 . 7 5  t  0 . 0 4  A
6 . 4 0  t  0 . 0 4  A 
o
7 . 0 2  t  0 . 0 4  A
9 9 ° 4 0 !
0 3 3 0 0 . 3  A
2
OkO when k  i s  o d d .
120
TABLE I I .
O b s e r v e d  S t r u c t u r e  A m p l i t u d e s . 
( A r b i t r a r y  S c a l e )
H K L |F0I H K L If0I
0 0 2 2 5 .5 2 0 5 4 . 8
0 0 3' 8 . 3 2 0 4 2 . 7
0 0 4 6 . 0 2 0 3 3 5 . 7
0 0 6 2 6 . 8 2 0 I 3 6 . 5
0 0 7 2 . 7 2 0 1 1 2 . 2
1 0 7 2 . 9 2 0 0 4 0 . 2
1 0 6 5 . 8 2 0 1 2 2 . 8
1 0 5' 3 .3 ' 2 0 2 6 . 4
1 0 4 2 .5 2 0 3 3 2 . 4
1 0 3 2 1 .0 2 0 4 2 . 1
1 0 2 2 1 .6 2 0 6 7 . 1
1 0 1 6 7 . 2 3 0 6 8 . 5
1 0 0 29.1 . 3 0 5 5 . 2
1 0 1 16 .  6 5 0 4 1 2 . 0
1 0 2 1 0 . 4 3 0 5 1 1 . 0
1 0 3 2 7 .8 3 0 2 2 0 . 5
1 0 4 4 . 5 3 0 1 2 9 . 6
1 0 5 2 5 .5 3 0 0 4 7 . 5
I 0 7 3 . 7 3 0 1 1 6 . 2
- C o n t ’ d -
TA6LB I I . -  C o n t ' d  -  
O b s e r v e d  S t r u c t u r e  A m p l i tu d e  s . 
( A r b i t r a r y  S c a l e )
H K L l* o l H K L l^oi
3 0 2 2 1 . 6 5 0 2 2 1 . 8
3 0 4 8 . 9 5 0 3 2 . 7
3 0 5 00 • 5 0 4 5 . 4
3 0 6 6 . 8 5 0 5 CJl • Q
4 0 5 4 . 6 6 0 4 2 . 7
4 0 4 7 . 9 6 0 3 8 . 1
4 0 3~ 2 6 . 6 6 0 3 4 . 8
4 0 2 3 . 4 6 0 r 2 . 7
4 0 I 3 0 . 3 6 0 0 3 . 3
4 0 0 1 1 . 4 6 0 1 4 . 2
4 0 1 7 . 8 6 0 2 2 . 9
4 0 2 1 2 .  5 6 CO 3 4 . 3
4 0 3 2 2 .8 7 0 3 8 . 9
4 0 4 4 . 8 7 0 2 2 . 3
4 0 5 9 . 4 7 0 1 3 .1
5 0 4 1 6 . 4 7 0 0 4 . 1
5 0 3 1 . 7 7 0 1 2 . 9
5 0 1 9 . 3 7 0 3 8 . 3
5 0 0 6 . 4 8 0 2 3 . 3
5 0 1 2.5 8 0 2 2.9
1 2 2 .
A P P E N D I X  I I .
The C r y s t a l  S t r u c t u r e  o f  D i n i t r o g e n  T e t r o x i d e ;
Some f a r t h e r  r e f i n e m e n t  o f  t h e  d a t a  o f  
B r o a d l e y  a n d  R o b e r t s o n .
E a r l y  work  i n  t h i s  d e p a r t m e n t  ( B r o a d l e y  an d  
R o b e r t s o n ,  1 9 4 9 ,  an d  B r o a d l e y ,  1950)  on  t h e  c r y s t a l  
s t r u c t u r e  o f  d i n i t r o g e n  t e t r o x i d e  h a d  s u c c e e d e d  i n  
sh o w in g  t h a t  t h e  m o l e c u l e  m o s t  p r o b a b l y  c r y s t a l l i s e d  
i n  t h e  c u b i c  s p a c e  g r o u p  I m S .  T h e re  w ere  s i x  
m o l e c u l e s  i n  t h e  u n i t  c e l l ,  a n d  a s  t h e  s p a c e  g r o u p  
h a s  f o r t y  e i g h t  g e n e r a l  p o s i t i o n s  t h e  n i t r o g e n  an d  
o x y g e n  a tom s  m u s t  o c c u p y  s p e c i a l  p o s i t i o n s .  The 
a s y m m e t r i c  u n i t  o f  t h e  c e l l  c o n t a i n s  one q u a r t e r  o f  
a  n i t r o g e n  atom and one  h a l f  o f  an o x y g e n  a tom and  
t h e  b e s t  a g r e e m e n t  w i t h  t h e  o b s e r v e d  r e s u l t s  was 
o b t a i n e d  when n i t r o g e n  was p l a c e d  a t  a p o i n t  ( 0 . 3 9 4 , 0 , 0 )  
a n d  t h e  o x y g e n  a t  ( 0 . 3 2 7 ,  0 . 1 5 4 ,  0 ) .  B r o a d l e y  and  
R o b e r t s o n  o b t a i n e d  t h e  i n t e n s i t i e s  o f  44  r e f l e x i o n s  
f rom  p h o t o g r a p h s  o f  two z o n e s ,  t a k e n  a b o u t  t h e  
p r i n c i p a l  a x i s  an d  t h e  b o d y  d i a g o n a l .  An e x p e r i m e n t a l  
s c a t t e r i n g  c u r v e  was u s e d  i n  t h e  e a r l i e r  work an d  t h e  
a g r e e m e n t  b e t w e e n  o b s e r v e d  and  c a l c u l a t e d  s t r u c t u r e  
a m p l i t u d e s  was a b o u t  16$ .  The d i m e n s i o n s  o f  t h e  
m o l e c u l e  f o u n d  b y  B r o a d l e y  an d  R o b e r t s o n  a r e  shown
123.
( I )
S m i th  an d  H e i b e r g  ( 1 9 5 6 )  s t u d i e d  d i n i t r o g e n
t e t r o x i d e  g a s  b y  e l e c t r o n  d i f f r a c t i o n  a n d  t h e y  f o u n d
b a s i c a l l y  t h e  same s t r u c t u r e  w i t h  t h e  m o l e c u l a r
d i m e n s i o n s  g i v e n  i n  T a b le  I .  The r e m a r k a b l e  f e a t u r e
o f  b o t h  t h e s e  a n a l y s e s  i s  t h e  v e r y  l o n g  N -  N b o n d
o
w h ic h  i s  c o n s i d e r a b l y  l o n g e r  t h a n  t h a t  o f  1 . 4 7  A 
f o u n d  i n  h y d r a z i n e  (G-iguere a n d  Schom aker ,  1 9 4 3 ) .
An a t t r a c t i v e  s u g g e s t i o n  o f  S m i th  an d  H e d b e rg  i s  
t h a t  t h e  N -  N b o n d  i s  l a r g e l y  a 11 - b o n d  r a t h e r  t h a n  
a  c r - b o n d  a n d  t h i s  w ou ld  e x p l a i n  t h e  e x c e p t i o n a l  
l e n g t h  a n d  t h e  c h e m i c a l  w e a k n e s s  on  a c c o u n t  o f  t h e  
p o o r  o v e r l a p  o f  a to m ic  o r b i t a l s .
An a t t e m p t  a t  f u r t h e r  r e f i n e m e n t  o f  t h e  d a t a  o f  
B r o a d l e y  an d  R o b e r t s o n  was made to  f i n d  i f  t h i s  w ou ld  
i n d i c a t e  a n y  s i g n i f i c a n t  a l t e r a t i o n  i n  m o l e c u l a r
s t r u c t u r e .  The f i n a l  c o - o r d i n a t e s  o b t a i n e d  b y  t h e
e a r l i e r  w o r k e r s  ?/ere r e f i n e d  b y  t h e  m e th o d  o f  l e a s t
s q u a r e s .  The s c a t t e r i n g  c u r v e s  o f  B e r g h u i s  e t  a l
( 1 9 5 5 )  were  u s e d  f o r  n i t r o g e n  a n d  o x y g e n ,  s t a r t i n g
w i t h  an  i s o t r o p i c  t e m p e r a t u r e  f a c t o r  ( B g  ) o f  3.
The i n i t i a l  R - f a c t o r  f o r  t h e  o b s e r v e d  r e f l e x i o n s  was
20.3%' an d  a f t e r  t e n  c y c l e s  o f  r e f i n e m e n t  t h i s  was
r e d u c e d  to  14 .6% ,  a f u r t h e r  c y c l e  o f  r e f i n e m e n t
-  n  2
f a i l i n g  to  a l t e r  e i t h e r  t h e  R - f a c t o r  o r  z.  wLl .
The w e i g h t i n g  s y s t e m  e m ployed  i n  t h e  r e f i n e m e n t  was:
A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  were  o b t a i n e d  and  
i n d i c a t e  o n l y  a  s l i g h t  i n c r e a s e  o f  v i b r a t i o n  o f  t h e  
o x y g e n  a tom i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  
N -  N b o n d ,  b u t  i n  t h e  p l a n e  o f  t h e  m o l e c u l e .  The 
f i n a l  c o - o r d i n a t e s  and  t e m p e r a t u r e  f a c t o r s  a r e  g i v e n  
i n  T a b le  I I .
A P o u r i e r  (P Q) s y n t h e s i s  was co m p u ted  i n  t h e  
p l a n e  o f  t h e  m o l e c u l e  an d  i s  shown i n  P i g .  I .  T h i s  
c o n t a i n s  some l a r g e  p e a k s  n o t  a c c o u n t e d  f o r  b y  
s t r u c t u r a l  d e t a i l s .  A d i f f e r e n c e  P o u r i e r  (PQ -  p  )
JwChkfi)  = I * 0 ( ^ ) 1  i f  |wo | <  1 7 . 8
1 7 . 8
s y n t h e s i s  was com pu ted  i n  t h e  p l a n e  o f  t h e  m o l e c u l e  
an d  t h i s  i s  shown i n  P i g . .  I I .  T h i s  i n d i c a t e s  t h a t  
no f u r t h e r  s i g n i f i c a n t  s h i f t s  were  t o  h e  e x p e c t e d  
an d  t h a t  t h e  s p u r i o u s  p e a k s  i n  t h e  F0 s y n t h e s i s  a r e  
due to  l a c k  o f  d a t a  an d  t e r m i n a t i o n  o f  s e r i e s  e f f e c t s .  
The f i n a l  m o l e c u l a r  d i m e n s i o n s  a r e  g i v e n  i n  T a b le  I ,  
t o g e t h e r  w i t h  t h e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n  
e v a l u a t e d  f rom  l e a s t  s q u a r e s  r e s i d u a l s .  T hese  
v a l u e s  s u g g e s t  t h a t  no s i g n i f i c a n t  a l t e r a t i o n  o f  
t h e  r e s u l t s  o f  B r o a d l e y  an d  R o b e r t s o n  c a n  h e  o b t a i n e d  
f rom  t h e  number o f  o b s e r v a t i o n s  r e c o r d e d .
The f i n a l  v a l u e s  o f  t h e  o b s e r v e d  an d  c a l c u l a t e d  
s t r u c t u r e  a m p l i t u d e s  a r e  l i s t e d  i n  T a b le  I I I .  None 
o f  t h e  s i g n s  o f  t h e  s t r u c t u r e  f a c t o r s  o b s e r v e d  b y  
B r o a d l e y  an d  R o b e r t s o n  h a v e  c h a n g e d  d u r i n g  t h e  c o u r s e  
o f  r e f i n e m e n t .
0 o
o —
o 1 2 J
F i g . I . F o u r i e r  (F o )  S e c t i o n  ( x , y , 0 ) ,  t h r o u g h  t h e
p l a n e  o f  t h e  d i n i t r o g e n  t e t r o x i d e  m o l e c u l e .  
The c o n t o u r s  a r e  drawn a t  i n t e r v a l s  o f  
1 e l e c t r o n / A  . The ze ro  c o n t o u r  i s
r e p r e s e n t e d  t h u s  ............ , w h i l e  n e g a t i v e
c o n t o u r s  a r e  r e p r e s e n t e d  t h u s   -----------
T
■> X
2
0 1 2 A
F i g . I I . A d i f f e r e n c e  F o u r i e r  s e c t i o n  ( x , y , 0 ) ,  
t h r o u g h  t h e  p l a n e  o f  t h e  m o l e c u l e  o f  
d i n i t r o g e n  t e t r o x i d e .  The c o n t o u r s  a r e  
drawn a t  i n t e r v a l s  o f  0 . 1  e l e c t r o n s / 2 . 3 , 
t h e  n e g a t i v e  c o n t o u r s  'b e in g  shown h y  t h e  
d i s c o n t i n u o u s  l i n e s .
TABLE I .
The M o l e c u l a r  D im e n s io n s  
o f  D i n i t r o g e n  T e t r o x i d e .
B r o a d l e y
and
R o b e r t t o n
Sm ith
and
H e d b e rg
P r e s e n t  
Wo r k
N -  N Bond 1 . 6 4  + 0 . 0 b
0
A
0
1 . 7 5  A 1 . 6 6  + 0 . 0 3
N -  0 Bond 1 . 1 7  t  0 . 0 3
0
A
o
1 . 1 8  A 1 . 1 6  t 0 . 0 2
0 - 0 (Eon-bonded
d i s t a n c e ) 2..09 t  0 . 0 3
o
A
0
2 . 1 7  A 2 .0 9  t 0 . 0 2
0 -  0 (Non-bonded
d i s t a n c e )
o
2 . 6 8  A 2 . 6 5  + 0 . 0 3
0 -  N -  0 126° ± 1° 1 3 3 . 7 ° 129°  ± 1 . 5 °
TABLE I I .
x/ a % %  *11 ^ 2 2 ^ 3 3 b 12(xl05)
N i t r o g e n  
Oxygen
0 . 3 9 3 2
0 .3 2 9 3 0 . 1 3 4 6
1051 
-  1900
1203
1456
1037
1354 1918
TABLE I I I .
O b s e r v e d  an d  C a l c u l a t e d  S t r u c t u r e  
F a c t o r s  f o r  D i n i t r o g e n  T e t r o x i d e .
H K L 3*0 H K L Fo
0 0 2 6 8 .8 8 + 6 7 .6 4 0 4 4 3 0 . 1 6 - 3 3 . 2 4
0 0 4 < 6 . 7 6 + 3 .6 8 0 4 6 1 1 . 4 4 - 1 3 . 8 4
0 0 6 4 5 . 1 2 + 4 9 .0 4 0 4 8 1 4 . 5 2 —1 9 . 1 2
0 0 8 2 1 .0 8 + 2 4 .9 6 0 5 1 2 1 .0 8 - 2 2 . 1 6
0 0 10 1 1 . 4 4 + 1 5 .  24 0 5 5 4 2 . 7 2 + 3 6 .2 0
0 1 1 2 5 .4 8 - 2 0 . 9 6 0 5 5 1 2 . 4 4 + 1 0 .4 4
0 1 5 8 9 .6 0 + 8 5 .8 0 0 5 7 8 . 1 2 - 1 4 . 5 2
0 1 5 2 3 .4 4 + 1 8 .8 0 0 6 2 < 9 . 1 0 -  1 . 2 8
0 1 7 <  9 . 5 8 + 0 . 7 6 0 6 4 1 2 . 4 4 - 1 0 . 5 6
0 1 9 < 8 . 1 4 + 7 . 7 6 0 6 6 1 3 . 4 0 + 1 2 . 5 6
0 2 2 4 . 7 6 -  8 . 4 0 0 7 1 < 9 . 6 6 + 4 . 8 8
0 2 4 8 . 1 2 + 4  • 80 0 7 5 2 5 . 9 2 + 3 1 .6 8
0 2 6 1 9 .6 8 +15.16" 0 7 5 8 . 1 2 + 9 . 3 2
0 2' 8 < 9 . 0 9 -  2 .8 0 0 7 7 9 . 5 2 + 3 . 6 4
0 5 1 1 6 . 7 6 - 1 7 . 7 6 0 8 2 1 4 . 5 6 + 1 0 . 1 6
0 3 3 < 6 .6 8 + 3 . 5 2 0 . 8 4 < 7 . 7 4 + 1 0 .6 0
0 3 5 1 1 .4 8 -  8 . 2 0 0 8 6 1 0 . 0 0 + 1 3 . 3 6
0 3 7 <  9 . 6 7 + 5 . 3 2 0 9 1 < 8 . 1 2 -  1 . 6 8
0 3 9 <  5 . 7 2 + 1 . 8 8 0 9 3 < 5 . 7 2 + 4 . 6 0
0 4 2 3 5 .4 8 - 3 5 . 9 2 1 1 2 5 0 . 0 4  
C o n t ’ d -
- 4 4 . 4 4
TABLE I I I . -  C o n t 'd  -
O b s e rv e d  an d  C a l c u l a t e d  S t r u c t u r e
F a c t o r s  f o r  D i n i t r o g e n  T e t r o x i d e .
H K L ^0 H K L Fo ^c
1 2 3 5 7 . 1 2 + 5 7 .2 4 2 4 6 < 6 . 2 0 -  6 . 6 8
1 5 2' < 4 . 0 5 -  4 . 7 6 2 5 3 1 8 . 2 4 + 2 2 . 1 6
1 5 4 2 7 . 5 6 - 2 4 . 4 2 2 5 7 < 4 . 9 9 + 4 . 7 2
1 4 5 2 5 .2 0 + 2 2 .8 0 2 6 4 15 .84 ' - 1 5 . 6 8
1 4 5 6 . 1 6 -  8 . 0 8 2 7 5 < 4 . 9 9 -  0 . 5 6
1 5 4 8 . 6 4 + 3 . 5 2 3 3 6 1 0 . 8 4 -  8 . 8 0
1 5 6' <  6 . 2 0 + 5 . 8 0 3 4 7 1 1 . 4 8 - 1 2 . 4 8
1 6 5 1 1 . 8 0 - 1 1 . 4 4 5 5 8 < 3 . 0 6 + 0 . 7 6
1 6 7 < 4 . 5 5 -  0 . 5 2 3 7 4 1 5 . 6 4 + 1 0 .7 6
1 7 6 7 . 7 6 -  7 . 8 0 3 8 5 2 1 . 0 4 + 1 6 . 4 4
2 2 4 1 2 . 6 8 + 1 2 .6 8 4 4 8 5 . 5 6 + 1 . 2 8
2 5 5 1 5 . 2 4 + 1 0 .8 8
1 2 7 .
A P P E N D I X  I I I .
Co,HHO.
The C r y s t a l  S t r u c t u r e s  o f  P a r a n  T e t r a c a r b o x y l i c  
A c id  a n d  i t s  B a l t s .
C o c k e r ,  D a v i s ,  McMurry and  S t a r t  ( 1 9 5 9 )  h a v e  
i n v e s t i g a t e d  t h e  p r o p e r t i e s  o f  f u r a n  t e t r a c a r b o x y l i c  
a c i d  ( P i g . I )  an d  i t s  mono P o t a s s i u m  s a l t .
Prom t h e  i n f r a - r e d  s p e c t r a  
o f  t h e s e  compounds,  t h e y  
p r e d i c t  a h i g h  d e g r e e  o f  
h y d r o g e n  b o n d in g  i n  Doth 
compounds.  The i n f r a - r e d  
s p e c t r a  o f  t h e  P o t a s s i u m  
P i g . l . s a l t  i n d i c a t e s  t h a t  i t  h a s
a  d i f f e r e n t  t y p e  o f  h y d r o g e n  b o n d i n g  f ro m  t h a t  f o u n d  
i n  t h e  m a l e a t e  i o n  ( C a r d w e l l ,  D u n i t z  a n d  O r g e l  ( 1 9 5 3 ) )  
a n d  ( D a r lo w  and  C o c h r a n ,  1 9 6 1 ) .  P r o f e s s o r  C o c k e r  h a s  
k i n d l y  p r o v i d e d  s a m p le s  o f  b o t h  compounds f o r  d e t a i l e d  
X - r a y  a n a l y s i s .
The p r e p a r a t i o n  o f  c r y s t a l s  o f  f u r a n  t e t r a c a r b o x y l i c  
a c i d  s u i t a b l e  f o r  X - r a y  a n a l y s i s  h a s  p r o v e d  i m p o s s i b l e .  
The p o t a s s i u m  s a l t ,  h o w e v e r ,  c r y s t a l l i s e s  i n  t h e  form, 
o f  f i n e  n e e d l e s .  A mono R ub id ium  s a l t  o f  f u r a n
t e t r a c a r b o x y l i c  a c i d  h a s  a l s o  b e e n  p r e p a r e d  a n d  i t  h a s  
a s i m i l a r  c r y s t a l  fo rm  t o  t h a t  o f  t h e  P o t a s s i u m  s a l t .
The u n i t  c e l l  d i m e n s i o n s ,  s p a c e  g r o u p ,  a n d  number  
o f  m o l e c u l e s  i n  t h e  c e l l  h a s  b e e n  d e t e r m i n e d  f o r  b o t h  
compounds.  The r e s u l t s  a r e  g i v e n  i n  T a b le  I .  Prom 
t h e s e  r e s u l t s ,  a s t r o n g  d e g r e e  o f  i s o m o r p h i s m  i s  
i n d i c a t e d ,  a l t h o u g h  t h e  a n a l y t i c a l  d a t a  s u g g e s t  t h a t  
t h e  number o f  m o l e c u l e s  o f  w a t e r  o f  c r y s t a l l i s a t i o n  
i s  d i f f e r e n t  f o r  t h e  two m o l e c u l e s .  A f u r t h e r  c r i t e r i o n  
f o r  a s t r o n g  s t r u c t u r a l  r e l a t i o n s h i p  b e t w e e n  t h e  s a l t s  
i s  t h e  c l o s e  r e s e m b l a n c e  o f  t h e  (.hOJO zone o f  
r e f l e x i o n s  f o r  b o t h  compounds.
I t  i s  h o p e d  to  c o n t i n u e  t h i s  a n a l y s i s ,  u s i n g  t h e  
R ub id ium  atom to  d e t e r m i n e  t h e  s i g n s  o f  t h e  r e f l e x i o n s  
f o r  t h a t  s a l t ,  an d  h e n c e  to  p r o c e e d  to  work o n  t h e  
P o t a s s i u m  s a l t ,  where  more  a c c u r a t e  m o l e c u l a r  
d i m e n s i o n s  c o u l d  b e  o b t a i n e d .
TABLE I .
P o t a s s i u m  S a l t Rub id ium  S a l t
S b rm u la C8H30 gK.2H^D C8H30 9 Rb.- |H20
M 308 3 3 7 .5
d ( r a e a s . ) 2 . 0 7  g m . / c c . 2 . 2 0  g m . / c c .
d ( c a l c . ) 2 . 1 4  g m . / c c . 2 . 2 6  g m . / c c .
n 4
0
4
0
a 9 . 6 1  t  0 . 0 6  A 
o
9 . 7 0  t  0 . 0 5  A 
0
b 6 . 3 0  t  0 . 0 4  A 
0
6 . 3 8  + 0 . 0 4  A 
0
c 1 7 . 5 6  t  0 . 0 8  A 1 7 . 7 0  + 0 . 1 0  A
z3 115° 3 0 1 115°  40*
V
0 >7
9 5 7 . 8  A
0 rz
9 9 0 . 4  A
A b s e n t  S p e c t r a h0£ wh 
OK) wh
en £  i s  o d d  
en  k  i s  odd
Space  Group p 2 i / °  <c L > P21/ c  ( a 2 h )
F(000.) 648 660
1 3 0 .
A P P E N D I X  IV.
S t e r e o s c o p i c  p a i r s  o f  p h o t o g r a p h s  o f  t h e  f i n a l  
t h r e e - d i m e n s i o n a l  F o u r i e r  m aps ,  drawn up  on g l a s s ,  
a r e  shown f o r  c l e r o d i n  b r o m o l a c t o n e  ( i )  and  
s t r o v e n e t i n  t r i m e t h y l  e t h e r  f e r r i c h l o r i d e  ( I I ) .
" >  Cl
I n  ( I ) ,  t h e  r e g i o n  o f  t h e  p h o t o g r a p h  c o v e r s  
one m o l e c u l e ,  w h ich  i s  drawn r e p r e s e n t i n g  t h e  t r u e
a b s o l u t e  c o n f i g u r a t i o n .  I n  ( I I ) ,  t h e  F o u r i e r  map 
c o n t a i n s  s e v e r a l  m o l e c u l e s , . a n d  i t  i s  h o p e d  t h a t  
some i d e a  o f  t h e  p a c k i n g  i s  c o n v e y e d .  The p l a n e  
o f  t h e  p a p e r  c o r r e s p o n d s  to  t h e  p se u d o  g l i d e  p l a n e  
i n  t h e  d i r e c t i o n  o f  t h e  a - a x i s ,  w h ic h  i s  m a rk e d ,  
( c f .  F i g . I V  i n  a t r o v e n e t i n  s e c t i o n . )
E B P E E E  N C B S .
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